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Abstract 


The  objective  of  this  program  is  to  improve  the  structure  of  ceramics  byQ 
processing.  The  over-all  temperature  range  of  interest  is  1800  to  above  3000  F. 

In  the  high  portion  of  the  range ,  3000  F  and  above,  comp -3 it ions  of  pure  alumina 
plus  0  to  2%  additions  of  MgO  were  studied  between  2822  and  3180°F,  at  1  to  ? 
hour  soaking  periods  and  in  atmospheres  of  hydrogen,  helium  and  vacuum.  This 
work  was  reported  in  the  previous  Final  Report;  however,  the  analysis  of  results 
is  reported  herein,  Petrogiaphic,  x-ray,  d.c,  conductivity,  electron  transmission 
and  elbrtron  probe  methods  were  used  and  the  results  are  reported.  The  second 
temperature  range,  2600-3C00°F,  was  studied  utilizing  the  presintered  approach 
to  the  prereacted  raw  materials  technique  and  the  results  were  reported  in  earlier 
reports.  The  low  range,  1800  to  2600°F,  was  studied  using  the  devitrification 
approach  to  the  prereacted  materials  technique.  The  area  of  crystallization  of 
cordierifce  in  the  hig0*Alo0  'SiOp  system  was  evaluated  as  a  single  glass  system. 

A  two-glass  system,  in  which  one  glass  devitrifies  cordierite  and  the  second  sup¬ 
plies  the  bonding  system,  was  studied.  Bonding  glass  compositions  were  evaluated 
in  the  RO'AI^O^SICL  system,  in  which  the  RO  members  are  alkaline  earth  oxides. 
Composites  were  made  at  10,  20  and  30£  bonding  glass.  Processing,  structures 
and  properties  are  reported. 


i 


TA3I£  OF  CONTENTS 


Page 

Abstract  5. 

I.  Introduction . ........... . .  1 

XI.  Sintering  Stadias  .  ,  » . * . .  «  1 

A.  Introduction  .........  .  1 

B.  Review  of  Paxamtere  Essential  for  the  Sintering  of  the  Alumina 

Compositions  Studied  .  . . .............  2 

C.  Study  of  Sintering  Mechanisms  .  ..........  h 

1.  General  . . U 

2  Activation  Energy  for  Vacancy  Movement  ........  .  •  h 

3.  Defect  Structure  ...............  .  .  8 

a.  General  . . 8 

b.  Procedure  ........................  9 

c.  Results  and  Discussion . 12 

U.  Role  of  Magnesia  »  .  .  .  . .  15 

a.  X-Ray  Techniques  ....................  15 

i.  General  . . . .  I $ 

ii.  Procedure . 16 

iii.  Results  and  Discussion . .  18 

b.  Electron  Probe  Analysis  .  . . .  . .  19 

1.  General . 19 

ii.  Procedure  . .  20 

iii.  Results  and  Discussion . .  22 

D.  Summary  of  Results  and  Discussion  of  the  Entire  Program  (B  and 

C  above)  . . hi 

1.  General . .  . . . . .  Ul 

2.  Effects  of  Atmospheres  . . .  1*1 

3.  Effects  of  Magnesia  Additions  .  U2 

E.  Conclusions  ........  .  U6 

1.  Minimum  Conditions  for  attaining  99 %  of  True  Density  ....  U8 

2.  Minimum  Conditions  for  Attaining  100^  of  True  Density  ...  U8 

3.  Atmospheric  Effects  ..........  .  .....  U9 

III.  Devitrification  Studies  . . .  5 2 

A.  Introduction  .............  .  .....  $2 

B.  Program  of  Study  .............  .  53 

C.  Compositions  .........................  53 

D.  Processing  Procedures . .  55 

E.  Results  ......a..... ........ ........  55 

1.  One -Frit  Approach  .......  .  .  55 

2.  Two-Frit  Approach  ...........  .  57 

a.  Co-Cb-9  Frit.  Evaluation  of  Physical  Properties  ....  58 

to.  Evaluation  of  Individual  Dcnsifying  Glasses  .  53 

i.  Firing  Range  ............  .  58 

ii.  Differential  Thermal  Analysis . 58 

Iii.  X-Ray  Analysis  ........  .  62 

iv.  Thermal  Expansion  . . 63 

c.  Evaluation  of  Combintaiona  of  Glasses  .  .....  63 

i.  Firing  Range  ............  .  ..  63 

ii.  Thermal  Expansion . 63 

Hi.  X-Ray  Evaluation  of  Composite  Bodies . 67 

F.  Summary  ............................  71 

References  72 

ii 


T 1ST  OF  TABLES 


I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 


X 


Compilation  of  2  0  Value**  Determined  for  A1„0„  and  Al^O.  +  0.P5/? 

HgO  Using  the  Back-Reflection  X-Ray  Camera  . . 

Electron  Probe  Data  (More  Sensitive  Sets)  ....  . 

Electron  Probe  Analysis  (Less  Sensitive  Dat  )  .  . . . 

Compositions  Evaluated  in  the  MgQ-AljO-oSiCL  System  . . 

Properties  of  the  One -Frit  Type  Compositions  .  ..... 

-nysical  Properties  of  Two-Frit  Bodies  . 

Moisture  Absorption  (%)  vs.  Firing  Temperature  (°F)  ....... 

Crystalline  Phases  Present  .  ............. 

Coefficients  of  Linear  Thermal  Expansion  of  Fluxing  Classes  .  .  „ 
Density  (g/cc)  vs.  Firing  Temperature  (°F)  and  Moisture  Absorption 
{%)  vs.  Firing  Temperature  \?)  of  Composite  Bodies— Co-98,  Cb-96 
Cb-910}  C-A— C-F  .  . . . . 


.  18 
.  26,2? 
.  28 
.  53 
.  57 
.  59 
.  60 
.  62 
.  63 


’  65 


Coefficient  of  Linear  Thermal  Expansion  for  Composite  Bodies  at 

1ft?,  20,?  and  30$  Fluxing  Class  . . . . .  67 


Figure 

1 

2 

3 

k 

5a 

5b 

6a 

6b 

7 

8 

9 
10 
11 
12 
13a 
13b 
1 Ji 

15 

16 

17 

18 


LIST  OF  ILLUSTRATIONS 


Porosity  vs.  Firing  Temperature,  Time  and  Atmosphere . .  •  3 

Crain  Size  vs.  Firing  Temperature,  Time  and  Atmosphere  .......  5 

Tanb  vs.  Frequency  for  Composition  R57 . .  .  7 

Jet  Thinning  Device . .  11 

Photographs  of  Samples  Examined  Under  the  lectron  Microscope  (A-F)  13 

Photographs  of  Samples  Examined  Under  the  Electron  Microscope  (0-L)  ll* 

Photographs  of  Back  Scatter  and  Mg  Fluorescent  Images  from  Elect  on 

Probe  Analysis  (Sensitive  Data)  (A-F) . .  .  ...  23 

Photographs  of  Back  Scatter  and  Mg  Fluorescent  Images  from  electron 

Probe  Analysis  (Sensitive  Data)  (G-J)  .  2k 

Photographs  of  Back  Scatter  and  Fluorescent  Imagas  from  Electron 

Probe  Analysis  (Less  Sensitive  Data)  .....  .  25 

Photographs  of  the  Polished  Sections  Used  a  Electron  Probe  Analysis 

(A-DJ,  E,  Stage  ^iicrometer . . . 29 

Point  Count  for  Mg+4  in  Sa»?)le  CR$1  (Sensitive  Data) . 30 

Point  Count  for  in  Sample  R57  (Sensitive  Data;  . . 31 

Point  Count  for  Mg^  in  Sample  CR57  (Sensitive  Data) . 32 

Point  Cotint  for  Mg++  in  Sarple  CR757  (Sensitive  Data) . 33 

Point  Count  for  Mg++  in  Sample  R75>7  (Sensitive  Data)  (A.  B)  ....  }k 

Point  Count  for  Mg^  in  Sample  R757  (Sensitive  Data)  (C) . 3$ 

Point  Count  for  Mg  in  Sample  CR757  (Less  Sensitive  Data)  .  36 

Properties  of  Compositions  Evaluated  in  the  MgO’AlgO^’SiCL  System  .  $k 
Thermal  Expansion  of  Low  Melting  Glasses  in  the  RO^AljCL'SiO  System  $6 
Differential  Thermal  Analysis  of  a  Low  Melting  Glass  ana  Coraierite 

Glass . . . .  . . 61 

Coefficients  of  Linear  Thermal  Expansion  of  Low  Malting  Glasses 
Studied  in  the  ROA120  -SiO  System . . . 6h 


11  i 


LIST  OF  ILLUSTRATIONS  (continued' 

Figure 

19  Coefficients  of  Linear  Thermal  Expansion  of  Conposite  Bouias 

Studied,  in  the  RO'AlpO-'SiOg  System- -10$  Fluxing  Glas*  ,  ,  .  . 

20  Coefficients  of  Linear  Thermal  Expansion  of  Composite  Bodies 

Studied  in  the  RO'AlgO.'SiO.  System — 20$  Fluxing  Glass  .  .  .  , 

21  Coefficients  of  Linear  Thermal  Expansion  of  Composite  Bodies 

Studied  in  the  RO'AlgOySiOg  System — 30$  Fluxing  Glass  .  .  .  . 


iv 


•  »  68 
.  .  69 
.  .  70 


I.  Introduction 


This  research  program  is  directed  toward  a  study  of  materials  and  processes 
fay  which  ceramics  suitable  for  redome  applications  can  be  processed  at  tempera¬ 
tures  considerably  lower  than  their  maximum  use  temperature.  The  basis  for  the 
effort  reported  herein  was  established  under  Contract  i*Cw-6ti-OOUO-d.  The  tem¬ 
perature  range  that  can  be  studied  is  from  the  melting  temperature  of  the  most 
refractory  crystalline  phases  shoving  promise  of  meeting  the  prime  requirements 
to  as  low  as  1800°F. 

The  over-all  terperature  range  has  been  divided  into  three  narrower  ranges i 
3000°F  and  above,  2600  to  3000°F,  and  1800  to  2600°F.  In  the  highest  range,  a 
sintering  study  of  pure  alumina  is  being  conducted  with  respect  to  the  processing 
parameters  and  sintgring  mechanisms  oy  wnich  the  objectives  can  be  accomplished. 
In  the  2600  to  3000°F  temperature  range,  the  most  promising  approach  is  the  pre¬ 
reacted  raw  materials  technique  using  high  alumina  compositions.  This  area  has 
been  studied  extensively  and  is  reported  in  previous  contracts.  In  the  lowest 
temperature  range,  1800  to  2600°F,  the  "two-glass  system"  of  the  devitrification 
approach  to  the  prereacted  raw  materials  technique  is  being  studied.  In  this 
method  twe  compositions  are  prepared  and  mixed  separately  on  an  atomic  basis  by 
melting  and  fritting.  These  frits  are  mixed  in  specific  ratios,  then  ground  to 
a  controlled  particle  size  distribution  conducive  for  processing  by  conventional 
ceramic  processes  such  as  casting,  pressing,  etc.  During  firing  one  irit  de- 
vitrifiee  to  form  the  principal  crystalline  phase,  while  the  second  promotes  sin¬ 
tering  and  supplies  the  bond.  Some  frits  used  in  this  latter  manner  have  been 
designed  to  devitrify  after  performing  the  sintering  and  honding  functions.  Cor¬ 
dis,  ite,  2hgO*2AlpO-*5SiOp,  is  the  crystalline  phase  presently  under  investiga¬ 
tion  and  is  supplied  by  tne  first  frit.  The  second  glass  is  of  the  alkaline 
earth  (BaO,  hgO,  CaO)  aluminosilicate  type. 

The  processing  parameters,  for  realizing  the  objectives  of  tne  project  in 
the  highest  temperature  ranpe,  were  established  under  Contract  wCw-6u-0Cli0-d .  A 
study  of  the  Bartering  mechanisms  by  which  tl  is  '  as  accomplished  comprises  the 
first  phase  of  this  Final  Report,  along  with  a  summary  and  discussion  of  the 
role  of  the  processing  parameters.  The  second  phase  is  a  study  of  the  two-glass 
system  cf  the  devitrification  approach  of  the  nrereacted  raw  materials  technique 
which  is  designed  to  function  in  the  1800-2600  F  temperature  range. 

II.  Sintering  Studies 

A.  Introduction 

In  t'e  highest  temperature  ranre,  namely  3CC0°F  and  above,,  the  effort  of 
this  continuing  program  has  been  devoted  to  determining  the  parameters  and  mech¬ 
anisms  by  which  pure  alumina  can  be  sintered  to  99+ ’>  of  its  true  density,  with 
particular  emphasis  on  lowering  firing  temperature  yet  retaining  all  engineering 
properties,  including  refractoriness.  The  sintering  characteristics  of  pure 
alumina  plus  0  to  2.4  magnesia  have  t  en  studied  as  a  function  of  temperature  and 
tine  when  fired  in  heliun,  oxygen  and  vacuum  respectively.  The  parameters  have 
been  determined  for  attaining  theoretical  density]  99  >  has  been  attained  at  as 
low  as  2822°F  (1550  C).  The  present  objective  is  to  attempt  to  d e te x ihine  the 
mechanisms  responsible  for  this.  The  primary'  one  is  to  determine  the  function 
of  magnesia  in  promoting  sintering  and  inhibiting  crystal  grovrth.  One  approach 
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was  to  attempt  to  determine  the  distribution  of  magnesia  and  whether  it  was  in 
solid  solution  with  alumina.  The  back-reflection  x-ray  ceramic  technique  was 
utilized  alonp  with  the  electron  probe.  This  latter  tool  determined  the  distri¬ 
bution  and  concentration  of  b:>th  magnesium  and  aluminum.  Defects  are  considered 
an  important  driving  force  for  sintering.  Transmission  electron  microscopy  was 
used  in  an  attempt  to  determine  the  quencfced  defect  structure  associated  with 
sintering  in  this  system.  Determination  of  activation  energies  associated  with 
the  sintering  process  and  the  role  of  the  variables  of  this  study  was  attempted 
using  porosity  data  and  electrical  measurements. 

B.  Review  of  Parameters  Essential  for  the  Sintering  of  the  Alumina  Compo¬ 
sitions  Studied 


A  brief  review  of  the  compositions,  procedure,  including  firing,  and  results 
is  pertinent  to  an  understanding  of  tn«  reouxud  of  the  attempts  to  determine  the 
mechanisms  operative  in  attaining  high  density  in  these  compositions.  This  in¬ 
formation  is  described  in  detail  in  The  Final  Report  of  Contract  hOw-6U-OOiiO-d, 


Three  compositions  were  chosen  for  intensive  study »  Composition  C  is  100/. 
alumina;  Composition  R  is  99.75,4  alumina,  0.25,4  magresia;  and  Composition  CR 
is  98rO/'  alumina  and  2.0:4  magnesia.  Both  raw  materials  are  99.99,4  pure.  The 
function  of  the  magnesia  is  to  minimize  grain  provrth.  The  mechanism  may  be  solid 
solution;  however,  this  remains  to  be  proven.  The  compositions  were  wet-mixed 
and  specimens  fabricated  by  dry  pressing.  Air  as  a  firing  atmosphere  is  not 
conducive  to  attaining  a  high  percentage  of  true  density.  Considerable  work  is 
reported  on  firing  in  various  atmospheres;  however,  the  conditions  vary  appre¬ 
ciably.  hydrogen,  helium  and  vacuum  were  selected  for  study.  The  first  two  were 
chosen  because  they  can  diffuse  quite  readily.  'H\irthcr,  hydrogen  i3  an  active 
Kgs  aj^d  is  a  reducing  agent  which  can  produce  defects;  also,  it  may  diffuse  as 
H  ,  H  and  possibly  as  tL.  Helium  is  an  inert  gas  and  its  small  size  and  ite 
high  diffusion  rate  are  Its  prime  assets.  Vacuum  will  reduce  the  pas  pressure 
within  the  pores  and  maximize  gas  diffusion  from  the  structure.  All  compositions 
were  fired  for  1,  },  5  and  7  hours  respectively  at  1550,  165C,  1700  and  1750  C 
respectively.  A  special  molybdenum  resistance  furnace  was  used  for  all  fires. 


Percent  total  porosity  was  measured  by  bulk  density  measurements  and  aug¬ 
mented  petrorraphically  in  the  lowest  porosity  region. 


Figure  1  shows  the  effect  of  firing  time  on  percent  total  porosity  of  all 
three  coirpoaitions  fired  in  hydrogen,  heliun  ajid  vacuum  over  the  time-tepperature 
range  noted  above.  The  objective  is  the  lowest  firing  temperature  at  which  99,4 
of  true  density,  or  less  than  L4  porosity,  is  attained.  This  is  attained  by 
firing  in  vacuum  to  1550°C  (2ts22°F)  after  a  three-hour  soaking  period  with  the 
CR  composition  (2  4  MgO),  and  after  7  hours  ith  ‘he  R  composition  (l/h$  J«gC), 

It  can  also  be  attained  by  firing  in  hydrogen  to  1650°C  (3000°F)  after  a  enfc- 
hour  soaking  period  with  either  of  the  compositions  containing  magnesia.  Further, 
it  can  be  realized  by  firing  to  the  same  terperature  in  helium  but  only  after  ap¬ 
proximately  a  four-hour  soak.  To  approach  true  density  or  total  porosity  less 
than  0.1*4  it  is  necessary  to  fire  to  1750°C  in  either  vacuum  or  hydrogen.  The 
R  composition  (1/1*. 4  l.gO)  attains  the  quality  at  one-hour  soak  in  either  atmos¬ 
phere,  The  CR  composition  (2.,  MgO)  must  be  fired  approximately  3  hours  to  reach 
this  quality.  The  percent  total  pore  volume  of  the  pure  alumina  composition 
reaches  a  minimum  of  1,9.4  at  the  highest  temperature,  but  only  in  a  vacuum.  The 
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Fig,  1 — Porosity  vs.  Firing  Temperature,  Time  and  Atmosphere 
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reason  for  this  is  the  exasperated  prain  growth  exhibited  by  this  composition. 

The  magnesia  included  in  the  R  and  CR  compositions  acts  as  a  prain  growth  inhib¬ 
itor.  Further,  it  results  in  a  higher  sintering  rate;  the  postulated  reason  is 
that  it  is  due  to  solid  solution  with  alumina  creating  a  greater  concentration 
of  vacancies.  Figure  2  shows  that  the  maximum  average  crystal  size  developed  in 
either  of  the  magnesia-containing  compositions  ic  IS  microns,  v?hile  that  of  the 
pure  alumina  at  the  highest  iei'tperature  is  35  microns.  Spinel  formation  is  de¬ 
tected  in  both  magnesia-containing  compositions. 

Thus  the  lowest  temperature  at  which  a  nearly  pure  alumina  composition  can 
attain  less  than  1$  total  pore  volume  is  1550  C  (2622  F).  This  is  accomplished 
using  2'  magnesia  as  a  grain  growth  inhibitor  and  firing  in  a  vacuum  for  3  hours. 

At  l/li?  magnesia  this  quality  is  reached  only  after  7  hours'  soak^  A  hydrogen 
atmosphere  necessitates  an  increase  in  firing  temperature  to  1650  C  (3000°?)  and 
soaking  for  1  hour,  while  when  firing  in  helium  the  soaking  period  must  be  in¬ 
creased  to  U  hours;  this  holds  for  both  magnesia-containing  compositions.  The 
total  pore  volume  of  tne  pure  alumina  composition  never  gets  below  1.9,!  even  at 
the  highest  temperature  and  soaking  periods. 

C,  Study  of  Sintering  Mechanisms 

1.  General 

In  attempting  to  determine  the  sintering  mechanisms  effective  in  this  study 
of  alumina  with  additions  of  0  to  2  >  magnesic,  two  approaches  v»re  used.  The 
first  was  to  attempt  to  determine  the  role  of  "vacancy  movement"  a*d  "defect 
structure."  These  are  considered  important  structural  conditions  which  promote 
sintering.  Klectrical  measurements  '.-ere  used  for  the  former  while  electron  trans¬ 
mission  methods  were  used  to  attempt  to  measure  the  latter.  The  second  approach 
”as  to  attempt  to  determine  the  machaniams  by  which  magnesia  promotes  sintering 
and  inhibits  grain  growth.  These  two  approaches  are  undoubtedly  interrelated  as 
tne  presence  of  the  magnesia  may  cause  vacancies  and  defects. 

2.  Activation  Energy  for  Vacancy  Movement 

In  order  to  understand  the  role  magnesia  plays  in  sintering,  an  attempt  was 
made  to  determine  the  activation  energy  of  vacancy  movement  in  compositions  with 
and  vdthout  magnesia  additions.  When  electrical  measure.’ienta  of  the  composition 
are  made  In  the  d.c.  conductivity  region,  activation  energies  for  vacancy  move¬ 
ment  can  be  determined  (Refs.  1 -h) . 

The  region  of  d.c,  conductivity  for  most  ionic  crystals  occurs  when  using 
direct  current,  or  alternating  current  of  very  low  frequencies,  i.e.,  1  cycle/sec. 
When  d.c.  conductivity  predominates  in  ionic  crystals,  conduction  occurs  by  va¬ 
cancy  movement.  The  following  equation  is  used  for  d.c.  conductivity  measurements* 

2  2 

In  tanhor  laej  -  -  InT  -  p/kT  (1) 

where  tanh  •  dissipation  factor 

v  -  vibrational  frequency  of  ions 
o  -  conductivity 

N  *  number  of  current-carrying  defects/volume 
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Fig.  2 —Grain  Size  vs*  Firing  Temperature,  Time  and  Atmosphere 


5 


\ 

/ 


0o0$LZ  - - - ^  .Do0$91-¥  °oOS5I 


Q  *  eharpe 

A  °  distance  defect  must  move  to  overcome  energy  barrier 
k  •  Boltzman'a  constant 
p.  «  activation  enerpy  for  vacancy  movement 
T  ■  absolute  temperature 

If  a  graph  of  In  tan6  vs.  In  frequency  is  made  in  this  region,  a  straight 
line  with  a  unit  negative  elope  reeults.  This  can  be  obtained  frm  the  relation¬ 
ship  t 

tan6  “  (2) 

where  C  -  capacitance 
R  »  resistance 
W  "  frequency 

If  a  graph  of  In  tanb  vs.  the  reciprocal  of  the  absolute  temperature  is  plottea 
at  a  frequency  in  the  d.c.  conductivity  range,  the  activation  energy  for  vacancy 
movement  can  be  calculated.  As  seen  from  £q,  (l),  this  calculation  of  activation 
energy  must  assume  that  the  number  of  vacancies  does  not  vary  in  an  exponential 
fashion.  Jkich  variation  would  be  the  case  in  the  pure  aluaina  composition  where 
the  number  of  vacancies  is  governed  by  entropy  considerations.  If  magnesia  goes 
into  solid  solution  with  alumina  and  forma  vacancies  due  to  stoichiometry,  the 
activation  energy  for  vacancy  movement  could  possibly  be  determined. 

Samples  examined  were  first  coated  \  ith  aluminum  electrodes  by  vacuum  evapo¬ 
ration,  They  contained  some  ma- nesia  for  the  reasons  given  previously.  They 
were  put  in  a  desiccator  prior  to  test  to  prevent  water  attack.  The  following 
equipment  vas  used  in  this  investigations 

1)  a  very  low  frequency  device  for  measuring  tanS  and  dielectric  constants 
from  ,1  cps  to  10  cps. 

2)  1620  \  General  Radio  capacitance  bridge,  60  ops — 10  keps. 

Measurements  of  tan6  were  made  in  the  frequency  range  of  0.7  to  10  cps  on  a 
sample  that  contained  l/2%  magnesia  and  was  fired  to  17^0°C  for  $  hours.  If  d.c. 
conductivity  predominates,  a  plot  of  In  tan6  vs.  In  frequency  would  result  in  a 
straight  line  with  a  slope  of  minus  one.  The  data  obtained  for  this  Sfe-yle  is 
shown  in  Fig.  3.  The  range  of  frequency:  between  10  and'  100  cps  was  not  : 
investigated  because  the  very  low  frequency  apparatus  designed  by  Stevels  (defs. 
1-3)  will  not  go  into  this  range  and  the  jig  for  the  other  apparatus  has  too 
many  losses.  The  results  indicate  that  pure  d.c.  conductivity  is  not  present  at 
room  temperature  and  in  the  frequency  range  measured  with  this  sample.  It  ap¬ 
pears  from  these  figures  that  a  relaxation  offset  occurs  in  this  frequency  range. 
If  the  temperature  were  increased,  it  might  be  possible  to  obtain  d.c.  conductiv¬ 
ity  data.  Generally,  as  the  temperature  increases,  the  curve  of  tan6  vs.  freq¬ 
uency  is  shifted  to  higher  frequencies.  If  i  iasurements  were  made  in  the  same 
frequency  range  evaluated  above  but  at  increased  tenperatures,  a  shift  in  the  re¬ 
laxation  curve  may  occur  and  pure  d.c.  conductivity  might  be  realized.  Further, 
since  Eq.  (1)  is  cnly  applicable  in  the  d.c,  conductivity  region,  no  attempt  was 
made  to  plot  lr.  tan6  vs.  the  reciprocal  of  the  absolute  temperature. 
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The  literature  on  electrical  conductivity  of  alumina  indicates  that  conduc¬ 
tion,  at  least  at  higher  temperatures,  is  due  to  P-type  carriers  (Kefs,  8,  9-11). 
If  the  temperature  of  this  system  is  raised,  ®emi-conduction  behavior  may  be  ex¬ 
pected  tc  interact  with  the  d.c.  conductivity 

3.  Defect  Structure 


a*  General 

The  primary  use  of  the  electron  microscope  in  the  field  of  ceramics  has  been 
in  surface  studies  irhen  using  the  replica  technique  (Kefs.  12-16).  Recently  this 
instrument  was  found  extremely  valuable  for  the  direct  determination  of  defect 
structure  (Refs.  17-22).  When  the  electron  microscope  is  used  in  transmission 
through  &  thin  aaisple,  both  defect  structure  and  crystal  structure  of  extremely 
small  areas  can  be  determined,  uoat  of  the  work  using  this  technique  has  been 
devoted  to  metals  (Refs.  19-23)  and  there  has  been  little  work  done  with  ceramicsj 
however,  some  published  work  on  singie  crystal  aluminum  oxide  and  magnesium  oxide 
has  recently  appeared  (rtefs.  18,  20). 

Electron  transmission  microscopy  was  used  as  a  tool  to  determine  the  sin¬ 
tered  defect  structure  of  some  of  the  compositions  at  c  near  theoretical  density. 
Quenched  samples  were  used  in  this  method  to  examine  the  defects  associated  with 
the  sintered  samples  at  or  near  v,heir  sintering  temperatures.  It  was  anticipated 
that  this  study  would  show  the  follov:ings 

1)  nature  and  types  of  defects  produced 

2)  concentration  gradient  of  the  line  defects  found  through  the  grain 

3)  some  correlation  of  defects  to  sintering  variables,  including  temperature 
and  time  at  temperature,  composition,  etc. 

The  types  of  dislocation,  their  Burgers  vectors,  and  other  defects  can  be 
observed  by  using  the  tilt  mechanism  built  into  the  electron  microscope;  by  tilt¬ 
ing  the  specimen,  dislocation  intensities  either  increase  or  decrease.  The  type 
of  dislocation  can  be  determined  when  the  tnigle  of  tilt  is  known.  Under  the  high 
magnification  used,  the  study  consisted  of  the  examination  of  the  defects  associ¬ 
ated  with  individual  grains  even  though  the  samples  were  poly crystalline .  A  num¬ 
ber  of  grains  were  examined  to  obi ain  a  general  picture  of  the  defect  structure. 

The  major  difficulty  in  this  method  is  sample  preparation.  To  obtain  an 
image  of  the  structure  using  transmission  electron  microscopy  the  sample  roust  be 
approximately  1000  a  thick.  In  order  to  be  able  to  examine  the  defect  structure, 
tha  variation  in  thickness  of  a  specimen  must  be  gradual  as  observed  under  the 
electron  microscope.  Electron  diffraction  was  used  in  conjunction  with  the  trans¬ 
mission  work  to  determine  the  structure  of  the  grain  being  examined. 

The  samples  examined  with  this  technique  were  within  98  to  100;i  of  theoreti¬ 
cal  density.  The  reason  for  such  a  choice  is  that  porous  samples  will  tend  to 
disintegrate  when  thinned  by  chemical  means.  The  composition  examined  by  this 
technique  was  the  2,i  ilgO-containing  composition  which  was  sintered  at  the  highest 
temperatures.  Sample  preparation  is  extremely  critical.  The  actual  examination 
of  the  prepared  specimens  under  the  electron  microscope  can  be  made  only  if  the 
samples  are  thinned  properly.  The  samples  used  must  be  thinned  fairly  uniformly 
to  about  0.1  micron.  This  thinning  process  in  metals  uses  an  electrolytic  type 
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of  thinning  apparatus  in  which  the  electrodes  are  first  brought  close  to  the 
ratal  and  then  brought  further  away.  This  results  in  the  formation  of  a  hole  in 
the  middle  of  the  specimen,  leaving  the  area  surrounding  the  hole  thin  enough  to 
be  examined  under  the  electron  microscope*  Another  method  was  shown  by  ±hnm, 
who  used  sputtering  to  thin  alumina  (Ref,  23),  but  the  samples  obtained  were 
badly  damaged* 

ftie  problem  cf  specimen  preparation  of  ceramic  materials  can  be  divided  into 
a  number  of  factors  $ 


1)  finding  the  proper  chemical  thinning  agent  for  the  samples 

2)  finding  the  correct  temperature  and  time  necessary  for  thinning  with 
this  agent 

3)  avoiding  etching  oL  the  sample 

U)  proprr  design  of  the  thinning  apparatus  to  keep  the  sample  in  continual 
contact  with  fresh  thinning  solution. 

b.  Procedure 


The  major  problem  was  to  prepare  specimens  sufficiently  thin  for  examination 
under  the  electron  microscone.  Initial  tests  were  made  to  determim  the  time, 
temperature,  polishing  or  thinning  agent  and  concentration  needed  to  thin  poly¬ 
crystalline  alumina  sarples.  The  first  attempt  at  thinning  alumina  was  do..e 
with  samples  of  Lucalox,  a  '"'■eneral  Electric  Company  product,  and  with  four  pos¬ 
sible  thinning  agents.  They  were;  HaOH,  HC1,  H.POi  and  NHiOH.  Three  different 
levels  of  concentration  were  made  of  each:  10  molar,  1  molar  and  0.1  molar.  A 
sample  of  Lucalox  was  placed  in  each  solution  and  the  weight  change  measured. 

The  first  measurements  were  made  at  room  temperature  with  samples  held  in  solu¬ 
tion  for  3,  5  and  2U  hours,  wo  chanpe  in  vreight  was  noted  under  "1  conditions. 
By  placing  these  solutions  in  a  sti*.od  constant  te;nerature  oil  bath,  samples 
could  be  subjected  to  the  same  treatment  at  elevated  temperatures.  The  time  was 
varied  from  1  to  5  hcurs  and  the  temperature  raised  to  70°C.  ..o  change  in  weight 
was  found.  A  temperature  of  100°C  was  trie-  next.  Again  no  veipht  change  was 
found.  It  was  felt  that  these  possible  chemical  thinning  agents  were  not  ef¬ 
fective  at  these  temperatures. 


After  examining  the  literature  >  on  chemical  polishing  of  single  crystal 
aluminum  oxide,  it  was  found  that  p'  sphoric  acid  in  the  temperature  region  of 
U00-500  C  would  polish  alumina  (Refs.  17,  10,  20,  2l*-27).  A  number  of  runs  were 
made  at  395°C  to  ii30°C  vith  Lucalox  samples.  It  as  found  that  both  holding  time 
and  agitation  of  the  solution  surrounding  the  specimen  were  very  critical.  If 
the  sample  was  held  for  too  long  a  period  of  time  in  solution,  a  phosphate  pre¬ 
cipitate  wojjld  form  on  the  surface  of  the  specimen.  At  tenperatures  between 
li05  and  UlO  C,  if  the  sample  was  held  in  solution  for  short  periods  of  time,  the 
specimen  lost  weight,  .hen  these  sarples  were  observed  both  visually  and  under 
the  microscope,  it  appeared  that  etching  had  taken  place.  Etching  may  be  dele¬ 
terious  for  electron  transmission  microscopy,  since  the  material  must  be  thinned 
fairly  uniformly. 


It  was  felt  that  sone  of  the  sintered  samples  should  be  investigated.  Thin 
sections  were  used  to  minimise  the  tl  inning  process  and  yet,  because  they  were 
fairly  thick,  30  microns  cor.pared  to  0.1  micron  needed  for  transmission,  very 
few  mechanical  defects  would  be  introduced  to  the  final  specimen.  Samples  of 
these  thin  sections  were  heated  with  phosphoric  acid  in  a  platinum  crucib3.®  and 
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then  suspended  in  a  platinum  nesh  screen  to  i»Q5°C.  The  samples  were  held  at  this 
temperature  for  3  minutes.  They  were  then  examined  under  the  electron  microscope 
and  found  to  be  too  thick.  The  specimens  were  again  subjected  to  the  same  treat¬ 
ment  and  reexamined.  After  a  number  of  tries  it  was  found  that  an  electron  dif¬ 
fraction  pattern  could  be  obtained  from  the  edges  of  so*ne  specimens,  but  it  was 
not  thin  enough  for  transmission.  In  addition,  there  was  a  random  distribution 
cf  samples  whose  edges  were  sufficiently  thin,  ’./hat  occurred  was  that  sanple 
edges  i 'ere  being  thinned  and  removed  faster  than  its  depth.  Therefore,  if  the 
sample  was  removed  at  the  proper  time,  perhaps  an  edge  would  be  present,  but  this 
was  a  random  factor. 

In  order  to  avoid  the  above  problem,  it  was  decided  that  an  indentation 
should  be  drilled  into  the  thin  section,  using  an  ultrasonic  drill.  In  this  way 
the  material  within  the  indentation  would  be  thinned  preferentially  or  at  the 
same  rate  as  the  bulk,  A  hole  should  form  in  the  center  of  the  specimen,  while 
the  sample  maintained  its  original  shape  and  structure.  The  area  around  this 
hoi 3  should  be  sufficiently  thin  for  electron  transmission.  A  few  runs  were  at¬ 
tempted  using  this  geometry,  but  the  samples  were  coated  with  a  phosphate  pre¬ 
cipitate  which  interfered  with  the  polishing.  This  compound  formed  from  solution 
during  the  thinning  operation. 

In.  order  to  eliminate  the  contamination  problem,  a  jet  thinning  device  was 
used  noted  in  Fig,  6  (lief.  16),  The  design  of  this  device  is  based  on  the 
fact  that  during  heating  the  boiling  point  of  phosphoric  acid  is  raised  as  the 
acid  condenses,  v/ith  rapid  heating,  boiling  action  can  be  maintained  up  to  tem¬ 
peratures  of  about  520°C.  The  device  is  made  of  platinum  and  is  similar  to  a 
coffee  maker  in  design.  The  inventor  of  the  device  used  it  to  prepare  single 
crystal  alumina  for  electron  transmission  microscopy  studies.  Since  boiling  ac¬ 
tion  forces  the  liquid  up  through  a  small  tube  and  hits  the  specimens  and  then 
drops  off,  the  specimen  is  in  continual  contact  with  uncontaainated  solution. 
Therefore,  thinning  can  proceed  without  phosphate  build-up.  The  inventor  found 
that  the  polishing  temperrture  was  about  50°C  higher  than  the  etching  temperature 
for  alumina  a tuple  crystals. 

The  jet  thinning  device  was  placed  in  a  small  nicrome -wound  furnace.  Five 
cubic  centimeters  of  orthophosphorlc  jcid  were  added  to  the  device.  The  thinning 
apparatus  was  heated  at  a  rate  of  U00°C/l2  minutes.  This  rate  vaa  necessary  to 
maintain  boiling  action  through  the  central  pump  tube  at  650°C.  Temperatures 
were  measured  with  a  chromel-alumel  thermocouple.  Four  tenthg  of  a  cubic  centi¬ 
meter  of  fresh  phosphoric  acid  were  added  at  192,  215  and  265  C  respectively; 
one  cubic  centimeter  was  then  added  at  350°C.  The  sample  was  placed  in  a  speci¬ 
men  stand,  lowered  and  made  to  rest  Just  above  the  central  puiqp  tube  gt  625  C. 
Funs  were  made  from  1/2-3  minutes  at  temperatures  between  650  and  675  C.  Fresh 
acid  vraa  added  to  lower  the  rate  of  temperature  rise  and  to  maintain  boiling 
action  through  the  pump  tube  in  this  temperature  range.  An  attempt  was  made  to 
view  the  sample  under  a  60x  Bausch  and  Lomb  microscope,  but  wetting  of  *he  spec¬ 
imen  stand  occurred  and  direct  observations  could  not  be  made.  Since  the  inden¬ 
tation  made  v  as  of  varying  thickness,  no  exact  holding  time  could  be  predicted. 
Generally,  the  holding  time  varied  from  about  1  to  3  minutes  and  saoplea  with 
holes  about  10-50  microns  in  diameter  were  formed. 
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Fig.  4--J«t  Thinning  Device 
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c.  Results  and  Discussion 


The  results  obtained  are  shown  J^n  Figs.  5a  and  $t,  A-L.  Figure  5aA  shows 
a  dendritic  formation  on  the  CR  755  sample  (magnification  10,800).  The  selected 
area  diffraction  pattern  ia  very  diffuse  and  could  not  be  properly  photographed. 
All  evidence  indicates  that  this  region  ia  a  region  of  aluminum  phosphate  forma¬ 
tion.  Dislocations  were  not  observed  in  this  area.  Selected  area  diffraction 
photographs  of  the  dark  and  light  areas  were  taken  and  a  low  degree  of  crystal¬ 
linity  found.  These  photographs  did  not  have  enough  contrast  to  be  shown  in  this 
study. 


Figure  5aB  is  a  transmission  photograph  (660Qx)  of  another  area  of  the  same 
sample.  Here  an  interesting  precipitate  distribution  is  noted.  The  selected 
area  diffraotion  pattern  of  the  above  area  is  shown  in  Fig.  5aC.  Diffraction 
patterns  similar  to  his  were  obtained  for  all  the  regions  examined.  Due  to  the 
low  order  of  crystal. inity,  it  is  felt  that  these  areas  are  partially  amorphous 
and  are  the  reaction  products  of  A120-  and  H^PO,  •  This  sample  was  held  for  1-1/3 
minutes  at  U50°C  in  the  thinning  device.  J 

Any  d-spacing  calculated  with  the  electron  microscope  is  only  accurate  to, 
at  best,  somewhere  in  the  second  decimal  place.  Therefore  the  electron  microscope 
could  not  be  used  for  solid  solution  or  accurate  d-spacing  measurements. 

Another  saitple  taken  fron.  the  same  fired  specimen  was  thinned  for  1-1/2  min¬ 
utes  at  U50°C.  Figure  5aD  is  a  transmission  picture  at  a  magnification  of  10,2D0x. 
A  set  of  fine  lines  can  be  seen  at  the  boundary  between  the  thick  and  thin  re¬ 
gions.  These  are  interference  figures  caused  by  the  change  in  thickness,  wo 
dislocations  are  seen  in  this  area.  Certain  dark  regions  are  noted  which  may  be 
due  to  impurities,  but  are  probably  due  to  localised  non-uniform  thinning.  Fig¬ 
ure  5aE  is  a  selected  area  diffraction  phr  jgrj$b  of  the  white  area  indicating 
a  high  degree  of  ci  3tallinity.  Figure  ^aF  .is  a  selected  area  diffraction  image 
of  the  dark  area.  Both  areas  are  sLiilar;  the  darker  areas  shown  in  Fig.  5aD  are 
undoubtedly  due  to  thicker  areas  rather  than  liiyuritiee.  Figure  5b0  is  a  dif¬ 
fraction  pattern  of  the  whole  area.  If  these  diffraction  patterns  are  compared, 
similarities  can  be  no+ed. 

Figures  5bH-5bJ  are  transmission  pictures  of  another  area  of  the  same  sample. 
These  figur  s  are  at  magnifications  of  2b, 600,  50,000  and  Ul,600x  respectively. 

The  last  figure  is  a  dark-field  image  of  the  same  area  shown  in  bright  field 
(Fig,  5bl).  The  similarity  exhibited  in  these  last  two  figures  means  that  no  dis¬ 
locations  are  present  in  the  area  under  examination.  If  dislocations  were  pres¬ 
ent,  they  would  be  seen  as  fine  black  lines  on  a  positive  prin..  They  are  due 
to  the  different  aaigle  of  the  Bragg  reflection.  This  Bragg  reflection  from  the 
dislocation  is  displaced  from  the  apparatus  and  therefore  appears  black.  If  dark 
field  is  nov  used  (the  aperture  is  moved  to  a  position  where  the  diffracted  beam 
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This  work  was  performed  with  the  help  of  Dr.  S.  Waissmann  and  Dr.  H.  Yamamoto 
of  the  Materials  Research  Laboratory  of  the  College  of  Engineering,  rtutgers 
University. 

For  coding  system  of  eanplee,  see  page  15. 
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Fir,  5b — Photographs  of  swplas  ex  wined  under  the  electron  Ricroscope. 
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of  the  dislocation  is  transmitted  through  the  aperture),  th'-  dislocation  will 
ap^sar  whit®  on  a  positive  print.  Figures  5bK  a*.d  5bL  are  dii fraction  pictures 
of  the  entire  area  aid  the  dark  area  respectively.  It  can  be  seen  in  the  firBt 
figure  that  the  crystal  under  observation  is  hexagonal  and  the  plane  being 
viewed  is  a  basal  plane.  This  crystal  must  be  alumina.  In  addition,  it  appears 
from  the  diffraction  pattern  that  an  alumna  crystal,  or  part  of  an  alumina  crys¬ 
tal,  is  at  a  different  orientation.  Figure  5bL  is  a  selected  area  diffraction 
pattern  of  one  of  the  dark  areas  in  the  transmission  photorraphs. 

The  coding  system  adopted  for  this  work  entails  a  letter  for  conposition, 
numbers  for  firing  temperature  and  time,  and  symbols  for  firing  atmosphere.  The 
specimen  CR755H  can  be  identified  from  the  follo\flng  tab">e. 


Composition 

CR755H 

Temperature 

Time 

Atmosphere 

C  -  10C-I  AlyO 

R  -  99.751  ilk,  0.25A  MgO 
CR  -  96.0;  Al~6,,  2.0A  KgO 

5  -  1550°C 

1-1  hr. 

H  -  hydrogen 

6  -  1650°C 

3-3  hrs. 

v  -  vacuum 

7  ■  1700°C 

5-5  hrs. 

He  -  helium 

*  J 

75  -  1?50°C 

7-7  hrs. 

Barber  and  Tighe  have  shown  that  as-grown  single  crystals  of  alumina  cxide, 
produced  by  the  Verneuil  rrethod,  have  dislocation  densities  of  about  lCr  /cm* 

(Ref.  20).  This  corresponds  to  between  1  and  1C  dislocations  per  field  of  view  with 
the  electron  microscope.  In  the  case  of  Linde  A,  made  by  calcining  aluminum 
alum,  the  dislocation  density  because  of  temperature,  thermal  gradients  and  freedoc 
of  expansion,  is  most  probably  much  less  than  single  crystals— at  least  ^n  the 
PTain  interior.  If  the  dislocation  density  is  assumed  to  be  about  lCr/cm  ,  then 
0.1  dislocations  would  be  seen  in  the  entire  field  of  view.  It  seens  reasonable 
to  conclude  that  few,  if  any,  dislocations  would  be  visible  under  the  electron 
microscope. 

From  the  very  limited  data  obtained,  it  is  tentatively  concluded  that  sin¬ 
tered  alumina  of  this  tyre  has  few,  if  any,  dislocations  within  the  grain.  If 
this  is  true,  dislocate  may  not  play  a  significant  role  in  the  sintering 
process  of  aluminum  oxide.  This  is  substantiated  by  the  sintering  literature, 
which  shows  that  plastic  flow  is  not  the  mechanism  of  sintering  of  alumina,  no re 
work  is  needed  before  a  definite  conclusion  can  be  made.  Because  the  magnifi¬ 
cation  is  much  lover  and  dislocations,  if  present,  could  be  more  readily  seen,  op¬ 
tical  microscopy  studies  would  have  to  be  included. 

U»  Role  of  Magnesia 
a,  X-Ra^  Techniques 
i.  Qeneral 

normal  x-ray  diffraction  was  used  in  conjunction  uitn  the  optical  microscope 
to  determine  second  phase  formation.  In  order  to  observe  the  second  phase  by 
x-ray  diffraction,  more  than  a  few  percent  of  uhis  phase  rust  be  present.  This 
method  was  used  only  to  substantiate  the  results  obtained  from  the  study  made 
with  the  microscope.  However,  the  x-ray  back-reflection  camera  t-echnioue  was 
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used  to  attempt  to  determine  if  there  was  any  solid  solution  of  magnesia  in 
alumina.  This  method  yields  the  most  precise  values  of  d-spacings  (def.  28). 

At  higher  Bragg  angles,  the  accuracy  of  the  d-spacings  determined  by  this  tech¬ 
nique  increases.  If  a  change  is  found  when  a  comparison  is  made  between  the  pure 
alunu:  a  nd  alumina  plus  magnesia  compositions,  it  can  be  attributed  to  the  solid 
solution  of  magnesia  in  alumina,  ho  noted  charge  in  d-spacing  can  be  attributed 
to  one  of  the  following: 

1)  There  is  no  solid  solution  of  aagresia  in  alumina. 

2)  The  amount  of  magnesia  going  into  solid  solution  is  small  and  the  d-spacing 
associated  with  it  cannot  be  detected. 

3)  The  magnesia  going  into  solid  solution  is  more  highly  concentrated  near 
the  grain  boundaries.  Therefore,  its  solubility  towards  the  middle  of 
the  alumina  grain  decreases  to  a  very  low  level.  Since  t-hl«  technique 
measures  the  averars  value  through  the  grains,  the  d-spacing  change  may 
be  too  small  to  be  distinguished. 

U)  Magnesia  may  go  into  solid  solution  interstitially  rather  than  substi- 
tutionally. 

ii.  Procedure 

Samples  of  the  100/.  Al^O,,  and  the  l/h/>  ngC— 99.75 ^  Al^CL  compositions  fired 
for  7  hours  at  1550  and  1750  c  were  ground  in  an  alumina  mortar  and  pestle.  These 
samples  were  then  passed  through  a  325  mesh  screen.  FJ nely  divided  silicon  was 
added  to  each  sample  as  an  internal  standard  and  the  subsequent  batch  .nixed  with 
vaseline.  The  resultant  paste  was  put  on  a  plastic  sheet  and  placed  in  the  back- 
reflection  camera.  In  addition  to  the  above  samples,  a  back-reflection  x-ray 
photograph  was  taken  of  the  Linde  A  alumina  starting  material  mixed  ith  aome  of 
the  silicon  standard. 

The  silicon  powder  used  as  an  internal  standard  had  the  following  composition! 

Si— 96.6  4  Hn — G.03i$ 

Fe—  0.65/  C— 0.0087/ 

Ca— 0.73/.  P--0.008  . 

Al— 0.65/  S— 0.005/ 

Ti— 0.10* 

O-spaclngs  and  corresponding  2  0  values  were  calculated  from  the  tabulated 

values  of  the  lattice  dimensions  of  silicon.  Silicon  has  the  diamond  structure 
with  an  A  value  of  5.U31  X.  The  formulae  used  to  calculate  d-spacings  and  2  fc 
values  are  as  follows  (Ref.  28): 

d  -  A^Ch2  ♦  k2  *  l2)*  (3) 


n\  -  2d  sirtP  (Bragg  equation)  (U) 
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where 


d  *  distance  between  lattice  planes 
h,  k,  1  ■  Hillei'  indices  of  a  particular  plane 
X  *  x-ray  wave  length  (used  CuK  ) 

0  *  Bragg  angle  i 

n  *  order  of  th8  reflection 

On  this  basis,  the  following  are  the  (h,  k,  1),  d  and  2  6  values  that  were  used 
for  silicons 


h  k  1 

d 

26 

(hjj-iJ 

.78392 

156.6° 

(533) 

.82828 

136.85 

(620) 

.85866 

127. 5U 

The  choice  of  the  sanples  investigated  was  dictated  by  the  probability  that 
magnesia  in  solid  solution  with  alumina  would  tend  to  go  into  solid  solution 
preferentially  at  or  near  the  grain  boundary.  Because  of  smaller  grain  size,  the 
samples  fired  at  15$0°G  may  have  more  grain  boundaries  than  the  samples  fired  at 
17 !>0  C.  If  the  amount  of  MgO  in  solid  solution  remained  constant  as  a  function 
of  tenperature,  the  change  in  d-spacing  would  be  more  noticeable.  If  the  limit 
of  solid  solution  increases  with  tenqperature,  as  is  normally  the  case,  then  it 
might  be  expected  that  the  higher  temperature  material  would  show  an  equal  or 
greater  indication  of  solid  solution.  The  pure  alumina  composition  that  was 
fired  at  1550°C  was  used  to  conpare  the  d-spacings  of  the  magnesia-containing 
compositions  to  the  pure  alumina  composition.  To  determine  if  the  pure  alumina 
sample  was  contaminated  by  the  magnesia  samples,  3ince  they  were  fired  at  the 
same  time,  the  pure  starting  material  was  also  evaluated. 

The  films  were  exposed  to  x-rays  for  six  hours  and  then  developed.  Values 
of  2  0  were  determined  of  both  the  unknown  and  internal  silicon  standard  accord¬ 
ing  to  the  following  formula  (Kef.  28): 

2  0  -  180  -  (5) 

where  L  »  distance  in  mm  between  corresponding  lines. 

The  minimum  errorsi possible  with  this  technique  should  be:  3  x  10”^  $  at  120°  (in 
2  0)  and  1.8  x  10~u  at  150°  (in  2  ()•  The  experimental  error  using  this  technique 
was  found  to  be  +0.1  ran.  In  the  range  of  2  0’s  used,  this  would  correspond  to 
an  error  in  d-spacing  of  +$  x  10"^  X  to  +2  x  10"*11  X. 

X-ray  diffraction  photographs  using  the  back-reflection  camera  were  made  on 
the  following  materials: 

1)  Linde  .  nowder  ♦  Si  powder  (starting  material  plus  standard) 

2)  pure  alumina  composition  fired  for  7  hours  at  1550  C  in  hydrogen  +  Si 
powder 

3)  l/k/>  magnesia-containing  composition  fired  for  7  hours  at  1*>$Q  and  1750°C 
in  hydrogen  *  Si  powder. 


Table  I 

COMPILATION  OF  2  6  VALUES  DETERMINED  FOR  A1203 
AIJD  Al„0o  +  0*25£  MgO  USING  THE  BACK 

£  j 

REFLECTION  X-RAY  CAMERA 


Linde  A 

♦  Si 

C$7  +  Si 

R57  +  Si 

R75?  +  Si 

153.6  - 

Si 

153.6  -  Si 

153.6  -  Si 

153.6  -  Si 

152.  U 

152.  1* 

152.1* 

152.  1* 

151.2 

151.1 

151.1 

151.2 

150.3 

150.1 

150.1 

150.2 

11*9.3 

1U9.2 

11*9.2 

31*9.2 

11*6.1 

11*6.1 

11*6.1 

11*6.1 

11*5.2 

11*5.1 

11*5.1 

11*5.2 

11*3.1 

11*3.0 

11*3.0 

11*3.1 

11*2,1* 

11*2.3 

lli2.3 

11*2.3 

136.9  - 

Si 

136.8  -  Si 

136.8  -  Si 

136.8  -  Si 

136.1 

136.1 

136.1 

136.1 

131.6 

131.6 

131.6 

131.7 

131.1 

131.0 

131.1 

131.1 

130.6 

130,5 

130.5 

130.5 

129.9 

129.8 

129,8 

129.8 

128.3 

128.2 

128.2 

128.2 

127.7  - 

Si 

127.6  -  Si 

127.7  -  Si 

127.6  -  Si 

12U.5 

12l*.5 

12l*.6 

122.5 

122.5 

122.5 

122.0 

122.0 

122.0 

iii.  Results  and  Discussion 

All  data  is  presented  in  Table  I  above  and  the  errors  have  been  previously 
tabulated.  The  values  obtained  for  the  silicon  standard  are  the  sane,  within 
experimental  error,  for  all  four  samples.  Therefore  a  direct  conparison  of  the 
2a  values  for  aluminum  oxide  with  and  without  magnesia  present  can  be  made.  From 
the  data  shown,  no  indication  of  solid  solution  of  r.agnssia  in  alumina  is  evident 
for  any  sanple.  The  grain  size  effect  on  solute  solubility  (preferential  solu¬ 
tion  at  the  grain  boundaries)  Is  not  evident.  The  possible  greater  solubility 
of  magnesia  in  alumina  as  the  temperature  was  raised  is  also  not  seen. 

These  results  indicate  that  if  solid  solution  of  magnesia  in  alumina  is 
present,  the  amount  is  below  the  limit  of  detection  by  this  technique.  In  addi¬ 
tion,  if  a  concentration  gradient  solid  solution  exists,  this  method  will  only 
measure  the  average  value,  which  would  be  less  than  that  found  in  regions  of  high 
magnesia  concentration  near  the  grain  boundaries.  Magnesia  could  also  go  into 
solid  solution  interstitially  and  any  accompanying  change  in  d-spacing,  especl- 
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ally  at  these  low  percentages,  would  no',  be  measurable*  dven  the  1/U1  Hgo»con- 
talning  composition  has  a  large  portion  of  the  magnesia  bound  in  spinal  crystals. 

Jergeneen  and  '/festbrook  found  by  microhardness  measurements  at  1830°C  that 
magnesia  enters  the  alumina  structure  in  solid  solution  in  and  around  the  grain 
boundary  area.  They  also  attempted,  by  using  an  electron  microprobe  analyser, 
to  demonstrate  that  igO  was  segregated  at  the  grain  boundaries.  Their  attempts 
failed.  They  used  the  back- re flection  camera  to  determine  lattice  parameter, 
measurements  as  a  function  of  grain  size  and  reported  variations  of  2-3  x  10  J  A 
change  in  d-spacings  with  an  alumina  composition  containing  0.0$  wt,  ,S  MgO, 

Their  theory  was  that  magnesia  is  segregated  at  the  grain  boundaries  and  as  grain 
growth  (elimination  of  grain  boundaries)  proceeds,  most  of  the  excess  magnesia 
must  be  incorporated  into  the  alumina  grains  (kef,  29). 

Using  the  back-reflection  camera,  these  present  measurements  indicate  that 
no  measurable  change  in  d-spacing  occurs.  This  was  done  as  a  function  of  either 
grain  siae  or  firing  temperature  with  the  same  magnesia-containing  composition, 
or  in  comparison  with  the  pure  alumina  samples.  It  seems  highly  improbable  that 
a  change  in  d-spacing  of  2-3  x  lo',’■,  a  could  be  detected  by  an  addition  of  0.051 
of  an  additive.  Sinoe  their  electron  probe  analysis,  which  analyses  very  small 
areas  to  an  accuracy  of  $0  ,  m,  proved  unsuccessful,  it  seems  very  unlikely  that 
the  back-reflection  camera,  which  measures  the  average  value  of  an  extremely 
larger  volume  of  material,  can  be  more  sensitive.  Jergenson  also  suggests,  from 
the  results  of  microhardness  measurements,  that  MgO  already  segregated  at  the 
grain  boundaries  enters  the  AljO,  grain  to  a  large  extent*  This  is  in  direct  dis¬ 
agreement  with  the  proposed  mechanism  of  magnesia* s  inhibition  of  exaggerated 
grain  growth  by  retarding  grain  boundary  velocity.  Because  in  nearly  all  systems 
examined  in  the  literature  the, change  in  d-spacing  by  the  addition  of  a  solvent 
in  solid  solution  is  ~  5  x  10~J  A  for  a  1,1  addition,  this  change  in  d-spacing 
seems  very  excessive.  In  the  case  of  an  addition  of  0.031,  the  change  in  d-spacing 
should  be  -  2  x  1Q~4  ft.  This  value  is  well  within  the  minimum  experimental  er¬ 
ror.  If  a  change  in  d-spacing  of  the  order  of  magnitude  shown  by  Jergensen  is 
valid,  the  change  would  have  been  observed.  At  150  in  2  6  a  variation  of  +1  x 
10~^  X  would  cause  an  angular  variation  of  +G,y  in  2  U  This  value  is  well  be¬ 
yond  the  experimental  error  of  K).l°  in  2  (7 

b.  Electron  Probe  Analysis 
i.  General 

The  electron  probe  is  a  valuable  hew* tool  in  the  study  of  micro  variations 
in  materials.  It  is  extremely  useful  in  diffusion  studies,  segregation  effects, 
etc.  (Refs.  29-33) •  An  electron  probe  was  used  to  investigate  how  and  where  mag-  # 
nesia  enters  the  structure  of  the  sintered  alumina  sample  in  the  following  phases* 

1)  solid  solution  of  magnesia  in  alumina 

2)  gradient  of  this  solid  solution,  i.  e.,  from  the  grain  boundary  to  the 
grain  interior. 


# 

This  work  was  done  with  the  help  of  Corning  Glass  Works.  Special  credit  is  due 
to  J.  Zitterman,  W.  Whitney  and  n.  Charters  of  Corning  Glass  Works. 
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3)  compositional  vtriation  through  ths  grains  of  the  spinel  phase,  i. 
the  solid  solution  variation  of  Mg  in  the  spinel  grains. 

If  magnesia  goes  into  solid  solution  with  alumina,  it  enters  the  structure 
with  a  probable  production  of  vacancies «  If  there  is  a  gradient  of  this  solid 
solution,  a  vacancy  cot  > animation  gradient  can  be  produced*  It  can  be  seen  that 
this  concentration  gradient  will  increase  from  the  interior  to  the  surface  of  the 
grain  from  theoretical  considerations  (the  less  dense  packing  and  higher  energy 
of  the  surface).  Since  the  concentration  gradient  of  vacancies  is  a  driving  force 
for  sintering,  a  comparison  of  these  data  uith  the  sintering  data  should  show  how 
and  why  magnesia  effects  the  densification  of  alumina.  The  variation  of  the 
above-mentioned  effects  was  studied  as  a  function  of  both  tirm  and  temperature , 

Electron  probe  microanalysis  is  actually  a  microfluorescent  analysis  method. 
Electrons  from  an  electron  gun  are  focussed  to  nearly  a  point  source  (0.3  microns). 
These  accelerated  electrons  impinge  on  the  ample  in  a  diameter  of  approximately 
0.5  microns,  and  the  ssuple  is  made  to  fluoresce.  The  x-rays  produced  by  the 
sample  are  reflected  off  a  curved  sensing  crystal.  The  crystal  is  placed  at  the 
proper  angle  and  has  the  proper  d-spacings  to  reflect  a  certain  known  x-ray  wave 
length  characteristic  of  the  cation  being  examined,  The  intensity  of  this  re¬ 
flected  beam  can  be  measured  as  a  function  of  distance  through  the  sample.  Due 
to  scattering,  the  diameter  examined  ia  normally  about  one  to  three  microns  .ather 
than  .5  microns.  Since  aluminum  and  magnesium  are  at  the  lower  end  of  the  peri¬ 
odic  system,  it  may  be  difficult  to  determine  small  concentrations  of  :nagnesia  in 
alumina.  Further,  the  electrons  penetrate  to  between  5  and  6  microns.  Thus  the 
effective  fluorescence  is  from  a  volume  approximately  3  microns  in  diameter  and 
5  microns  deep. 

ii.  Procedure 

In  this  method,  sample  preparation  is  very  critical.  Polished  sections  must 
be  made  with  smooth  and  regular  surfaces  or  erroneous  results  may  occur  in  semi- 
quantitative  or  quantitative,  determinations  due  to  valleys  and  hills  *.  ithin  the 
sample.  The  method  used  in  preparing  these  sections  was  as  follows : 

1)  The  sample  was  molded  in  amber  Bake 1 it e  (used  because  of  its  low  vapor 
pressure). 

2)  It  was  ground  and  polished,  using  the  Automet  machine. 

3)  The  sample  was  ground  for  $  minutes  each  on  120,  21*0,  320,  1*00  and  600 
grit  silicon  cax^.Je  paper. 

U)  It  v-as  polished  using  six,  one,  and  l/l*  micron  diamojjd  p  2  min¬ 

utes  each. 

5)  A  conductive  carbon  coating  was  vacuum-evaporated  on  the  sanple. 

After  the  samples  uere  prepared,  they  were  investigated,  using  the  AHL  electron 
probe. 


An  accelerating  voltage  of  30  kv  was  used  with  the  probe.  This  results  in 
a  penetration  of  6  microns  into  the  sample.  The  fluorescent  spot  else  in  tnis 
light  matrix  system  (ijg,  Al,  0)  is  between  2  and'  3  microns.  If  heavier  elements 
were  examined,  the  spot  sise  would  be  reduced  to  values  between  1  and  2  microns. 
This  fluorescent  spot  sise  is  the  resolution  of  the  electron  probe.  Mica  and  an- 
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1  yd  roue  dihydropen  phosjhete  were  used  us  sensing  crystals  in  the  fluorescent  an¬ 
alysis  of  mAgnssium  and  alunimus  respectively.  In  one  less  sensitive  set  of  data, 
only  the  mica  crystal  was  used  to  determine  magnesium  percentages*  In  the  more 
accurate  set  of  data,  both  sensing  crystals  were  used  to  determine  the  magnesium 
concentration.  In  order  to  correlate  the  data  properly,  the  same  magnification 
(UUoc)  was  used  for  all  samples  in  the  more  accurate  set  of  data.  This  magnifi¬ 
cation  was  also  used  to  locate  a  representative  area  of  the  specimen.  In  the 
less  sensitive  set  of  data,  a  200-scale  deflection  was  equivalent  to  100^  magne¬ 
sium.  The  more  accurate  set  of  data  used  this  amplification.  In  addition,  tn» 
signal  was  further  amplified  so  that  a  63-scale  deflection  was  equivalent  to 
U« 752  magnesium  by  weight,  A  magnesia  single  crystal  was  first  used  as  a  stand¬ 
ard,  but  no  correlation  could  be  obtained  with  the  samples.  A  spinel  single 
crystal  containing  2.5  mole  excess  aluminum  oxide  (obtained  from  R.  Arlett  of 
R.  C,  A.  Research  Laboratories)  was  used  next,  and  correlation  with  the  specimens 
examined  was  obtained. 

The  maximum  error  in  composition  found  using  the  electron  probe  was  +3*  of 
any  percentage.  Because  of  the  difficulty  in  estimating  the  deflection  on  the 
recording  chart,  this  error  was  increased  to  about  10^  for  scale  deflections  be¬ 
tween  0.5  and  0.1.  The  limi.  of  detection  of  magnesium  reported  by  Zit  terms:* 
and  Whitney  (Ref.  32)  was  between  0.0005  wt.  %  and  0.01  wt.  %  magnesium.  This 
limit  is  only  applicable  to  the  more  sensitive  set  of  data. 

The  A.  R.  L.  electron  probe  can  analyze  two  cations  at  the  same  time.  Four 
major  types  of  results  can  be  obtained  with  the  electron  probe  and  are  discussed 
below t 

1)  back-scatter  image.  This  image  can  be  seen  visually  on  an  oscilloscope 
and  recorded  pictorially.  It  is  caused  by  the  elastic  inpact  of  the 
electror  beam  ;riLth  the  sagdfe's  electrons.  The  electrons  of  the  beam  are 
accelerated  to  the  sample  and  back-scattered.  The  heavier  the  element, 
the  more  intense  the  baok  scatter* 

2)  X-ray  fluorescent  image.  This  image  can  be  seen  visually  on  an  oscillo¬ 
scope  or  recorded  pictorially.  It  is  due  to  the  fluorescence  of  the 
whole  sample  area  under  the  bombardment  of  the  accelerating  electrons. 

3)  Line  profile.  In  this  method  a  line  indicating  the  fluorescent  analysis 
of  material  crossing  a  line  in  the  field  of  view  yields  the  relative  per¬ 
centages  of  the  element  under  investigation.  This  technique  is  not  as 
accurate  as  the  point  count  method. 

ti)  Point  count  method.  In  this  method,  the  beam  is  moved  manually  from 
position  to  position  and  the  intensity  of  the  fluorescing  element  record¬ 
ed  on  a  strip  chart.  Since  this  method  yields  the  most  precise  measure¬ 
ments,  it  was  used  for  quantitative  analysis. 

Photomicrographs  wers  mads  of  the  polished  sections  used  in  the  probe  anal- 
sis.  Due  to  the  extreme  hardness  of  aluminum  oxide,  identification.  Marks  could 
not  be  placed  on  the  examined  area  of  the  sample.  The  photomicrographs  taken  are 
of  each  sample  analyzed,  but  the  areas  seen  are  Just  representative  each  sam¬ 
ple — not  the  actual  area  examined  by  the  electron  probe.  The  following  samples 
were  investigated: 

1)  21  KgO-containing  composition  fired  in  H2  for  7  hours  at  1750°C. 

2)  ],/! (H  MgO- containing  composition  fired  in  Hg  for  7  hours  at  1750  C. 
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3)  2  5  MgQ-eontaining  composition  fired  in  for  7  hours  at  15S0°C, 

1*)  l/k$  MgQ-contsining  composition  fired  in  H,  for  7  hours  at  1^>00C. 

5)  2,5  HgO-eontaining  cor.position  fired  in  H,  for  1  hour  at  1550  C. 

iii.  Results  and  Discussion 

Figures  6aC-F  arid  6bG-J  are  photographs  showing  the  back-scatter  and  flu¬ 
orescent  images  of  the  l/\&  and  2,5  magnesia-containing  compositions  fired  at 
1550  C  and  1750°C  respectively  and  held  for  7  hours  at  these  temperatures*  Fig¬ 
ures  6aA  and  6aB  are  back-scatter  and  magnesia  fluoregoent  images  of  the  Z&  mag¬ 
nesia-containing  composition  fired  for  1  hour  at  15$0  C.  The  magnification  used 
is  such  that  each  small  division  shovm  is  equal  to  U  microns*  Figures  ?A  and  7-B 
are  photographs  of  the  above  sample  of  the  magnesia-doped  composition  fired 
at  1750  C.  The  sensitivity  for  this  set  of  data  is  much  less  than  the  first  set. 
The  magnification  with  tris  less  sensitive  data  is  twice  as  high  as  the  more  sen¬ 
sitive  data*  The  region  shown  in  the  less  sensitive  set  is  a  region  high  in  mag¬ 
nesia  as  compared  to  the  low  level  of  magnesia  concentration  in  the  other  Mt* 
Table  II  is  the  data  obtained  by  the  point  count  method  along  lines  through  the 
x-ray  fluorescent  pictures  shown  previously*  It  is  shown  here  to  exhibit  this 
type  of  data  and  will  be  discussed  below.  Figures  8A-8D  are  photomicrographs  of 
the  etched  polished  sections  of  the  compositions  used  in  the  probe  analysis*  The 
areas  shown  are  representative  of  each  sample,  but  are  not  the  exact  area  examined 
as  described  above. 

These  photomicrographs  were  taken  using  incident  phase  contrast  at  20Qx  mag¬ 
nification*  The  grain  size  can  be  abserved  by  viewing  tne  picture  of  the  stage 
micrometer  where  eaeh  small  division  is  10  microns.  Good  correlation  of  rrain 
size  exists  with  the  fragmentation  method  of  earlier  work.  The  rrain  size  is 
similar  as  determined  from  the  photomicrogapha  and  as  reported  in  the  Final  Re¬ 
port  of  Contract  hOw  6i»hOOUO-d.  Some  regions  of  porosity  are  seen  in  the  high- 
temperature  samples  and  were  found  to  be  caused  by  grain  pull-out. 

The  data  presented  will  be  discussed  as  sets  of  (1)  back  soatter,  (2)  flu¬ 
orescent  and  microstructure  photographs  with  the  point  count  data,  and  (3)  the 
curves  of  magnesia  percentage  vs.  distance  along  a  selected  lijie  in  a  specimen. 
Comparisons  will  be  made  of  time,  temperature  and  compositional  effects. 

Figures  6aA-F,  6bO-J  and  7A-B  (back-scat  jr  and  x-ray  fluores  :ent  images  of 
magnesia),  Figs.  9-11*  (graphic  representation  of  the  point  count  results),  Figs. 
8A-E  (photomicrographs  of  the  samples)  and  Table  II  (point  count  analysis  of  the 
variation  of  magnesium  concentration  with  distance)  are  graphs  and  tables  of  anal¬ 
ytical  information  of  the  samples  exenined  by  electron  probe  analysis.  After  each 
sample  is  discussed,  comparisons  between  samples  will  be  made  to  illustrate  the 
determined  relationships  and  effects.  The  evaluation  of  the  information  obtained 
fron.  the  back-scatter  and  fluoresoent  images  will  be  postponed  until  discussion 
of  the  pure  alumina  oomposition  fired  *,o  17$0°C  in  hydrogen.  This  sample  illus¬ 
trates  the  differences  between  these  pictures  best. 

Figure  6aB  is  a  .photograph  of  back  scatter  and  Mg  fluorescence  for  composi¬ 
tion  R  fired  to  l500a  C  for  1  hour  in  hydrgen  (CH$1H),  and  shows  that  magnesium 
is  widely  distributed  through  the  area.  The  grain  size  observed  by  the  fragmen¬ 
tation  technique  indicates  an  average  grain  size  of  one  to  two  microns.  Phase 
determinations  made  by  optical  microscopy  and  electron  probe  analysis  (Fig.  6aB) 
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Fig.  6*— Ptiotographa  of  back  scatter  and  Mg  fluorescent  Images  from 
electron  probe  analyai*.  Sen»ltive  data. 
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Fig.  6b — Photographs  of  back  scatter  and  Mg  fluoreecant  images  froai 
electron  probe  analgia.  Sensitive  data. 
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Fif.  7— f^’.otopraf'hs  of  back  scatter  and  fluorescent 
Images  from  electron  probe  analysis.  Less 
sensitive  data. 
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Table  II 


ELECTRON  PROBE  DATA 
{More  Sensitive  Seta) 


Composition 

CR57H 

Deflection 

(1) 

Wt.  %  Mg 

CR57H^ 

Deflection  Wt.  1  Mr 

R5?H 

Deflection 

(3) 

Wt.  %  Mg 

2.8 

0.21 

3.0 

0.23 

0.5 

0.038 

16 

0.56 

5.0 

0.38 

0.25 

0.019 

1 $6 

1.16 

2.5 

0.19 

0.0 

0.00 

15.0 

1.13 

2.5 

0.19 

0.25 

0.019 

13.0 

0.98 

2.25 

0.17 

0.0 

0.00 

7.2 

0.5U 

12.8 

0.96 

0.25 

0.019 

5.0 

0.38 

5.5 

0.11 

0.25 

0.019 

8.0 

0.60 

3.5 

0.26 

0.50 

0.038 

3.2 

0.2L 

2.5 

0.19 

0.25 

0.019 

10.5 

0.79 

7.2 

0.5U 

0.25 

0.019 

8.2 

0.62 

8.2 

0.62 

0.50 

0.038 

10.25 

0,77 

3.5 

0.26 

0.50 

0.038 

13.2 

0.99 

2.8 

0.21 

0.10 

0.008 

16.8 

1.26 

3.5 

0.26 

0.50 

0.038 

16.0 

1.20 

5.0 

0.38 

0.00 

0.00 

m.8 

1.11 

0.25 

0.019 

0.00 

0.00 

17.8 

1.3U 

0.25 

0.019 

0.75 

0.057 

17.25 

,.29 

0.1 

0.008 

0.50 

0.038 

lli.O 

1.05 

0.25 

0.019 

0.75 

0.057 

11.0 

0.83 

0.50 

0.038 

1.50 

o.llii 

2.8 

0.21 

0.25 

0.019 

0.25 

0.019 

2.25 

0.17 

0.0 

0.00 

0.1 

0.008 

2.0 

0.15 

0.0 

0.00 

0.5 

0.038 

2.0 

0.15 

0.25 

0.019 

0.5 

0.038 

0.50 

0.038 

3.5 

0.26 

0.25 

0.019 

Up  0  Left  LO 

L.8 

0.36 

Up  0  Right  6 

U.5 

0.311 

i 


Down  10  Left  UO  Up  0  left  LO 

Down  10  Right  lL  Up  0  Right  10 

(1)  90*  AX-O,  -  21,  MgO  1550°  C  for  l  hr  in  H- 

(2)  96*  AllC*  -  2%  MgO  1550°  C  for  7  hr  in  Hf 

(3)  99.1$%  *1 20  -VWHgO  1550°  C  for  7  hr  in  H 
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Tab la  II  (Cont.) 


, . ... 


f 


Composition 

R757H^ 


Deflection 

Wt.  %  Mg 

12.0 

0.95 

12.0 

0.95 

1.5 

0.12 

1.3 

0.10 

1.3 

0.10 

1.0 

0.06 

2.3 

0.18 

0.0 

0.00 

2.C 

0.16 

9.5 

0.71* 

25.0 

1.98 

22.5 

1,78 

lit. 5 

1.15 

1.5 

0.12 

1.5 

0.12 

1.5 

0.12 

0.3 

0.02 

2.3 

0.16 

l*.o 

0.12 

2.3 

0.16 

!*.o 

0.12 

2.3 

0.18 

1.5 

0.12 

2.0 

0.16 

1.5 

0.12 

11*. 0 

1.11 

12.0 

0.95 

12.0 

0.95 

2.5 

0.20 

1.5 

0.12 

0.0 

0.00 

1.5 

0.12 

2,0 

0.16 

1.5 

0.12 

l*.o 

0.32 

2.0 

0.16 

1.0 

0.08 

2.0 

0.16 

15.0 

0.12 

1.5 

C.12 

1.5 

0.12 

2.0 

0.16 

1.7 

0.13 

Up  10  Left 

i*0 

Up  10  Right  1*0 


CR757H  ^ 

Deflection  VJt.  £_hg  Deflection  Wt.  %  Mg 


1.5 

0.12 

0.5 

0.01* 

1.5 

0.12 

0.5 

o.ol* 

1.5 

0.12 

0.0 

0.00 

1.7 

0.13 

1.5 

0.11 

1.3 

0.10 

0.25 

0.02 

1.5 

0.12 

0.5 

0.01* 

1.5 

0.12 

c.5 

0.01* 

1.7 

0.13 

0.75 

0.06 

1.5 

0.12 

0.0 

0.00 

1.7 

C.13 

0.75 

0„06 

1.1* 

0.11 

0.5 

o.ol* 

1.5 

0.12 

0.5 

0.01* 

1.0 

0.05 

0.75 

0.06 

1.5 

0.12 

0.75 

0.06 

2.5 

0.20 

0.5 

0.01* 

1.5 

0.12 

0.5 

0.01* 

0.25 

0.02 

Up  1*0  Left  0 

0.25 

0.02 

Up  10  Left  0 

1,00 

0.08 

1.00 

o.oe 

1*5.5 

3.59 

0.00 

0.00 

1*6,0 

3.79 

0.5 

0.01* 

39.5 

3.12 

0.3 

0.023 

21*.5 

1 .91* 

0.75 

0.06 

2.7 

0.21 

o.5 

o.ol* 

2.5 

0.20 

0.5 

o.ol* 

5.0 

0.1*0 

0.5 

o.ol* 

23.0 

1.82 

0.5 

o.ol* 

35.5 

2.65 

1.0 

0.08 

13.7 

1.08 

0.5 

o.ol* 

2,0 

0.16 

0.75 

0.06 

1.5 

0.12 

0.5 

0.0b 

0.5 

0.01* 

Up  30  Left 

22 

0.5 

0.01* 

Up  0  Ivsft 

22 

0.5 

0.01* 

0.25 

0.02 

(1)  R757H--99.75*  *1,0,  -  1 M  KjC 

1750°  C  fBr*7  hr  in  H, 

(2)  CR757H--9M  A1203  -  2;  hfO  if 50°  C  for  7  hr  in  ^ 
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Table  H  (Cont.) 
ELECTRON  PROBE  ANALYSIS 
(Leas  Sensitive  Data) 


CR757H 

Wt. %  Mg  Wt.  %  A1 


0.0 

1:0.8 

0.0 

Ur.O 

1.3 

1*1.0 

1.0 

trl.38 

3.25 

3U.8 

2.5 

37.5 

0.75 

U2.1 

0.0 

Ur.5 

0.0 

Ur. 8 

0.0 

U5.0 

0.0 

Ur. 8 

0.0 

Ur. 5 

0.0 

Ur. 6 

0.0 

Ur.6 

0.0 

Ur. 6 

c.o 

Ur. 8 

0.0 

Ur. 9 

0.25 

L2.8 

Up  10 

Left  IrO 

Up  10  Right  IrO 

ir.  5u  step  a 

-  *  ^ 

Wt.  £  Al 

C.O 

U3.0- 

■Sp- 

0.0 

Ut’8— 

0.0 

Ur.8— 

*5p 

0.0 

1*5.0 

0.0 

Ur.5 

0.13 

Ir3.8- 

■2p 

0.63 

1*2.5 

2.25 

38.3 

2.75 

3lr.5 

1.50 

38.5 

0.75 

lrO.63 

0.00 

1*3,13 

0.00 

Ur.O 

0.00 

Ur. 3 

0.00 

Ur. 3 

Up  IrO  Left  20 

Up  0  Left  20 

Wt,  1  Mg  Wt.  *  Al 


0.0 

Ur.  3 

0.0 

It3»8 

2.5 

38.0 

l.lr 

IrO. 13 

0.0 

Ir3.63 

0.0 

Ur. 3 

0.0 

1*5.5 

o.c 

Ur. 3 

0.0 

Ur. 13 

0.0 

1*3,8 

0.0 

It3.8 

0.0 

1*3.8 

0.0 

1t3.8 

0.0 

Ur. 13 

c.o 

1*3.8 

0.0 

Ur.O 

0.0 

Ur.3 

0.0 

Ur.8 

Up  3 It  Right  30 

Up  0  Right  30 

in  2p  steps 

# 


ADP  crystal  used  for  Al. 


Mira  crystal  used  for  Mg. 
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Fig.  8~« Photographs  of  the  polished  sections  used  in  electron 
probe  analysis  (A-D).  E,  stage  micrometer. 
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Fig.  10 — Point  Count  for  Hg*+  in  Sample  R5?  (Sensitive  Data) 
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OB  «  Grain  Boundary 
List  of  calculated  grain  sizes 
in  microns  assuming  maximum  Mg 
concentration  at  the  grain 
boundary  of  the  alumina  grains 
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GB  Grain  size  in  microns  deter¬ 
mined  from  polished  section* 
and  fragmentation  techniques 
minimum  grain  size— 8 
average  grain  size— Hi-16 
maximum  grain  size— 30 
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Pig.  12— Point  Count  for  Mg’*’*  in  Sample  CR757  (Sensitive  Data) 
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Line  traversed  on  Mg  fluorescent  photograph 
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Fig.  13A,  B — Point  Count  for  Mg++  in  Sanple  R757  (Sensitive  Data) 
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Fig.  13C— Point  Count  for  Mg~  in  Sample  R7S7  (Sensitive  Data) 
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substantiate  the  spinel  costing  or  s  fi.  e  dispersion  of  snail  particles  of  spinel 
along  the  grain  boundary  found  at  this  tcrperatuse.  Because  of  the  siaall  grain 
site  and  from  the  data  shown  graphically  in  Fig.  9,  little  can  be  determined  of 
both  spinel  or  magnesia  solid  solution.  However,  it  can  be  noted  that  magnesia 
was  present  at  each  datum  point*  This  indicated  a  distribution  of  magnesia  in 
the  sample.  Probably  because  of  non-uniform  mixing,  magnesia  is  found  to  be  more 
highly  concentrated  in  some  regions  than  in  others*  These  regions  may  act  as 
nuclei  for  the  spinel  segregation  observed  at  1?50°C. 

Figure  6aD  is  of  composition  E  fired  to  1500°C  for  7  hours  in  R$7H  hydrogen 
and  shows  that  magnesia  is  distributed  fairly  uniformly  through  the  area.  The 
area  examined  is  comparable  to  the  region  shown  in  the  central  right  portion  of 
Fig.  6aB  and  is  probably  a  little  below  average  in  magnesium  concentration.  From 
Fig,  8A  and  the  grain  sise  results  determined  by  the  fragmentation  method,  the 
average  grain  size  is  found  to  be  approximately  U  to  5  microns.  As  seen  from  the 
fluorescent  image,  magnesium  is  distributed  at  distances  ranging  from  3  to  8  mi¬ 
crons.  This  distribution  is  similar  to  the  determined  grain  size  distribution 
and  agrees  with  the  spinel  distribution  noted  by  optical  microscopy.  Figure  10 
is  a  graphical  representation  of  the  magnesium  concentration  as  *  function  of 
distance.  The  low  values  of  magnesium  eoncentration  found  can  be  justified  by 
considering  that  the  probe  examines  volumes  between  20  and  50  cubic  microns.  If 
the  spinel  coating  is  assumed  to  be  3  to  2  microns  thick,  as  seen  from  the  dot 
size,  and  about  1  'to  2  microns  deep,  than  only  1/5  to  1/10  of  the  total  volume 
examined  can  be  spinel.  The  alumina  grain  sire  has  increased  at  this  tempera¬ 
ture  and  firing  time.  If,  for  example,  &  solid  solution  gradient  of  magnesia  from 
the  grain  boundary  to  the  grain  interior  (the  interior  having  a  lower  percentage) 
exists,  then  values  of  this  low  order  of  magnitude  should  be  found.  These  lower 
values  could  also  be  expected  if  solid  solution  does  not  occur.  When  comparing 
the  above  sample  with  the  previous  one,  the  magnesium  concentrations  are  much  less. 
This  is  due  to  either  larger  grain  sizes  or  less  highly  localized  concentrations 
in  the  regions  examined.  Because  of  smaller  grain  sise  of  the  CR51H  sample,  many 
regions  of  spinel  could  be  found  for  each  point  examined  (2  to  3  microns).  There¬ 
fore,  if  similar  depositions  of  spinel  at  the  grain  boundary  are  assumed  for  the 
CR51H  sample,  this  serple  can  be  e:qpected  to  yield  higher  magnesium  percentages. 
Although  the  point  count  method  is  not  continuous,  about  3  out  of  every  U  microns 
are  examined.  Some  regions  of  solid  solution  of  magnesia  in  alumina  are  indicated 
in  this  and  the  next  sample,  but  the  evidence  is  inconclusive.  It  is  of  extreme 
importance  to  note  that  the  range  of  magnesium  concentration  found  was  between 
0.00  and  Q.iO t  and  that  many  areas  indicating  spinel  are  seen  in  this  fluorescent 
*n*3y*ia.  This  information  is  needed  to  determine  whether  solid  solution  is 
present  at  higher  temperatures. 

Figure  6aF  for  composition  CR57H  is  the  magnesium  fluorescent  picture  of  the 
area  under  examination.  The  contrast  of  this  print  is  not  particularly  good  and 
following  the  magnesium  concentration  in  this  print  is  not  very  informative.  fig. 
8B  is  a  photomicrograph  shoving  the  grain  size  of  this  sample.  The  average  de¬ 
termined  grain  size  is  about  h  microns  with  larger  grains  about  8  microns.  Fig¬ 
ure  H  i»  a  graphical  representation  of  magnesium  concentration  va.  distance  for 
this  sample.  It  is  noted  that  regions  of  0.004  Mg  were  found  in  this  and  the 
R5?H  sample.  In  order  to  obtain  this  result,  the  probe  was  most  probably  posi¬ 
tioned  at  the  center  of  a  larger  alumina  grain.  From  the  above  effect,  some  in¬ 
dication  of  a  solid  solution  and  solid  solution  gradient  of  magnesia  In  alumina 
was  obtained  in  this  and  the  R$7H  sample.  Because  of  the  coe^aratively  small 
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grain  size,  these  solid  solution  effects  cannot  be  conclusively  proven  from  the 
probe  analysis.  From  (1)  the  above  results,  (2)  the  sintering  result^  which  show 
an  enhanced  sintering  rate  with  magnesia  additions  at  all  temperatures  investi¬ 
gated,  and  (3)  the  results  obtained  with  the  high 'temperature  samples  using  the 
electron  probe,  a  solid  solution  and/or  a  solid  solution  gradient  can  be  inferred 
for  both  the  R  and  GR  (l/UI  and  2,1  MgO)  compositions  at  1550  C. 


The  magnesium  fluorescent  photograph  (Fig.  6bH)  for  this  sanple  CR757H  is 
very  informative.  As  seen  from  this  figure,  no  indication  of  magnesium  is  noted 
in  the  entire  field  of  view.  i»arjy  regions  similar  to  this  were  found  in  this 
sample  and  the  R757H  sample.  This  absence  of  magnesium  is  not  due  to  poor  print¬ 
ing  of  the  photograph,  for  the  same  result  i  as  seen  in  the  cathode  ray  oscillo¬ 
scope.  It  -*8  important  to  note  that  these  photographs  are  not  as  sensitive  as 
the  point  count  or  quantitative  mode  analysis.  A  graphical  representation  of 
the  magnesia  concentration  along  a  line  th rough  the  black  picture  is  shown  in 
Fig,  12.  Figure  8C  is  a  photograph  showing  the  grain  size  of  this  sample. 


A  very  low  level  of  magnesiur  concentration  is  seen  fro*  the  graph.  This 
low  concentration  is  indicative  of  the  solid  solution  of  magnesia  in  alumina. 
Since  the  area  within  individual  grains  may  be  examined  without  encountering  a 
grain  boundary,  the  grain  size  (small  grain  size  8-10  p.,  average  grain  size  1$  p, 
larger  grain  size  2C-30  p),  as  seen  in  Figs.  8C  and  8E,  may  be  too  large  to  pro¬ 
pose  that  widely  distributed  small  spinel  particles  at  the  grain  boundary  would 
yield  this  low  level  of  concentration.  Individual  particles  or  small  regions  of 
spinel  at  the  grain  boundaries  were  observed  in  the  R57H  sample.  A  similar  ef¬ 
fect  '  as  noted  for  all  the  low  te-.iperature  samples  investigated,  except  that  the 
concentrations  in  this  sample  and  the  R$7H  are  extremely  similar.  In  the  case 
of  the  CR7S7H  sample,  the  magnesium  fluorescent  image  is  absent.  From  thermo¬ 
dynamic  considerations  and  because  of  the  higher  energies  needed,  it  is  not  very 
likely  that  magnesium  is  distributed  as  very  small  spinel  particles  through  the 
alumina  prain.  If  this  low  concentration  was  caused  by  a  dispersion  of  small 
spinel  particles  through  the  alumina  grain,  then  the  magnesium  fluorescent  image 
would  be  speckled  with  s  all  dots  which  indicate  highly  localized  regions  of  mag¬ 
nesium,  as  noted  in  the  R$7H  and  other  low- temperature  samples.  Since  the  mag¬ 
nesium  fluorescent  image  was  black  and  dots  ii/iicating  spinel  are  not  present, 
and  since  the  concentrations  of  magnesium  determined  with  this  sample  and  the 
n57H  sample  ('hose  fluorescent  image  showed  these  dots)  are  nearly  identical,  a 
solid  solution  of  magnesia  in  alumina  may  exist.  Therefore  it  ^s  concluded  that 
a  solid  solution  of  magnesia  in  alumina  probably  occurs  at  1750  C.  A  further 
example  of  this  effect  will  be  shown  with  the  R757H  sample. 


Another  important  deduction  can  be  made  if  the  average  grain  size  and  grain 
size  distribution  for  the  aarjple  and  the  region  examined  are  assumed  the  same. 

If  it  is  aleo  assumed  that  the  maximum  magnesia  concentration  in  the  solid  solu¬ 
tion  of  magnesia  in  alumina  occurs  at  the  grain  boundary,  then  a  determination 
of  grain  size  via  the  graphical  representation  of  the  point  oount  method  can  be 
made  and  compared  to  actual  grain  size  found  by  the  fragmentation  and  polished 
section  method  from  earlier  work  and  shown  in  Fig.  8C.  This  comparison  is  shown 
by  Fig.  12.  It  is  seen  that  good  agreement  is  obtairod  when  comparing  the  cal¬ 
culated  grain  size  (Fig,  12)  and  the  measured  gr.*  .  It  is  therefore  fe)t 

that  a  solid  solution  gradient  of  magnesia  in  alumina  exists  in  this  sa.iple. 
Since  an  enhanceu  sintering  rate  relative  to  pure  alumina  was  observed  at  1550  C 
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and  1750°C,  and  since  this  solid  solution  and  gradient  of  solid  solution  can 
cause  an  increased  sintering  rate  by  producing  a  vacancy  concentration  and  con¬ 
centration  gradient,  a  solid  solution  and  solid  solution  gradient  can  be  inferred 
for  the  V)$Q  C  magnesia-containing  compositions.  In  addition,  electron  probe 
analysis  shoved  some  slight  indication  of  a  solid  solution  at  l550u.  Using 
mlcrohardness  measurements,  Jorgensen  and  .estbrook  .ported  a  solid  solution  of 
magnesia  in  alumina  at  the  grain  boundary  at  ld30°C  (rief.  29).  From  thermodynanii 
and  kinetic  viewpoints,  it  seems  probabljB  that  if  a  solid  solution  of  .^agnosia 
in  alumina  exists,  a  higher  concentration  of  magnesia  should  be  found  in  the 
vicinity  of  the  grain  boundary. 

'.Ithough  the  area  seen  in  this  set  of  figures  is  one  of  the  very  low  magne¬ 
sium  concentrations,  at  -er  areas  on  this  sample  noted  in  the  less  sensitive  set 
of  data  contain  much  higher  concentrations. 

The  comparison  between  the  back-scatter  and  magnesium  fluorescent  images 
has  been  postponed  until  discussion  of  this  sample  p?57H  (Figs,  6bl  and  6bJ). 

If  the  dark  regions  on  the  back-scatter  image  are  noted  and  compared  to  the  mag¬ 
nesium  fluorescent  image,  it  can  be  seen  that  nearly  every  dark  area  on  the  back- 
scatter  image  corresponds  to  a  region  of  high  magnesia  concentration  on  the  flu¬ 
orescent  image.  The  grain  site  for  this  sample  is  in  agreement  witn  earlier 
petrorraphic  results.  A  picture  of  the  < rain  size  found  with  the  polished  sec¬ 
tion  method  is  shown  in  Fig.  8D.  Figures  13aA  aud  13aB  and  13bC  are  graphical 
plots  of  the  maguesium  content  vs.  distance  for  the  several  regions  examined. 

The  first  significant  point  of  note  is  that  a  segregation  of  magnesium  into 
regions  of  high  concentration  occurs  uith  this  sample*  From  the  photographs, 
these  magnesium  regions  are  fairly  large  and  correspond  to  spinel  grains.  The 
same  type  spinel  grains  were  found  from  optical  microscopy  studies  and  were  men¬ 
tioned  previously.  From  the  above  discussion,  it  can  be  shown  that  magnesia 
tends  to  segregate  into  localized  regions  forming  spinel  grains  of  comparable 
size  to  the  best  alumina  grains  at  1750  C.  Spinel  may  segregate  into  localised 
regions  by  one  er  both  of  the  following  mechanisms i 

1)  "Yor.  a  thermodynamic  viewpoint,  regions  of  higher  local  spinel  concen¬ 
trations  at  1550  C  can  coalesce  at  1750°C  into  large  spinel  grains  to 
reduce  their  interfacial  and  surface  energy. 

2)  An  incompatibility  between  alumina  and  spinel  may  exist  because  of  a 
possible  high  Interfacial  energy  between  them. 

The  spinel  formed  is  probably  a  high  alumina- spinel  solid  solution  (i.  e.,  3.5 
mole  excess  A.1^0^).  The  excess  alumina  spinel  has  a  magnesium  concentration  of 
U,8>.  Since  a ’comparatively  large  volume  is  examined  (50  cubic  microns) and  these 
volumes  probably  not  only  contain  spinel  but  also  alumina  ,  tee  composition  of 
the  spinel  determined  would  tend  to  have  lower  magnesium  concentrations  than 
these  calculated.  The  effect  is  due  to  ..he  incorporation  of  parts  of  alumina 
grains.  It  is  assumed  that  spinel  is  present  if  the  concentration  of  magnesium 
is  somewhere  *bt  7e  0.5  wt.  3  hg  over  a  significant  range.  If  the  magi;  ium  per¬ 
centages  fall  below  0.2  wt.  /,  Mg  over  a  significant  range,  solid  solution  of  mag¬ 
nesia  in  alumina  is  thought  to  occur. 

In  Fig.  13a  it  can  be  seen  that  there  are  two  spinel  grains  (area  on  right). 


A  similar  effect  is  seen  in  Fig.  6bJ.  If  it  is  assumed  that  the  center  of  a 
spinel  grain  corresponds  to  the  maximum  percentage  of  magnesium,  then  a  solid 
solution  gradient  of  magnesium  in  spinel  is  seen.  The  phase  diagram  for  the 
aiumina-mamesia  system  indicates  an  increase  in  alumina  content  in  spinel  solid 
solution  ?.s  temperature  increases  (Kef.  33)  •  In  addition,  true  equilibrium  is 
probably  not  reached  with  the  sintered  sample.  For  both  of  the  above  reasons,  a 
"core'1  effect  seems  reasonable.  Since  this  "core"  effect  occurs,  spinel  la y  have 
sufficient  time  to  rearrange  itself  and  subsequently  form  cube  edges.  This  ef¬ 
fect  may  explain  the  occasional  formation  of  cubes  of  spinel  1  ind  in  the  sample 
as  noted  by  optical  microscopy,  when  the  grain  sizes  of  the  plnel  crystals  are 
computed  from  the  graph  (Figs.  13aA-B  and  13bC),  they  are  -jund  to  be  similar  to 
those  ooserved  experimentally. 


As  seen  from  the  fluorescent  images  of  the  K+CR757H  samples,  the  regions 
vhich  are  either  hazy  or  black  may  be  indicative  of  solid  solution  of  j*gO  in 
Al-CL.  The  point  count  measurements  in  these  regions  show  hg  concentrations  of 
0,2 >  and  less.  The  grain  sizes  were  5-10  time  ,  greater  than  those  of  the  low 
temperature  samples.  Therefore,  the  probability  of  encountering  grain  boundaries 
is  much  less  for  each  datum  point.  If  (1)  the  Mg  concent r at ion  found  was  due  to 
small  concentrated  inclusions  in  grains  or  along  grain  boundaries,  and  if  (2)  the 
inclusions  were  of  comparable  size  (ip.)  to  the  R57H  sample  which  had  similar 
concentrations,  t>  en  dots  or  lines  indicating  localized  hg  regions  should  be  de 
tected.  If  80-90 >  of  0.2  •  fig  or  less  regions  are  examined,  a  solid  solution  of 
npO  in  A1?0.  can  be  established.  In  the  case  of  the  remaining  10-20,1,  the  ig 
concentration  drops  abruptly  to  0.  This  is  diametrically  opposed  to  the  first 
data  set  indicating  that  diffusion,  and  therefore  solid  solution,  is  nearly  non¬ 
existent.  Boundary  absorption  can  be  theorized  in  explanation,  but  it  would  be 
in  disagreement  with  the  results  obtained  80-901  of  the  time.  If  boundary  ab¬ 
sorption  occurs,  it  would  have  to  extend  for  0.1  p  or  less  into  thr  Al?0,  grain. 
If  greater  absorption  occurred,  then  spots  or  lines  rould  be  seen  on  tne^fluore- 
scent  photographs.  This  low  rate  of  ».g  diffusion  in  Al^o^  is  not  in  keeping  with 
the  literature.  K'urther  examination  of  these  samples  ifc  needed.  li  this  last 
effect  is  not  observed  or  a  gradual  transition  to  Ol  ip  is  found,  then  solid  so¬ 
lution  would  be  established.  A  solid  solution  ipC  in  Ai-Ch  js  tentatively 
concluded,  since  (a)  most  regions  indicate  3olid  solution,  fbj  sintering  is  en¬ 
hanced  with  MgO,  (c)  appreciable  diffusion  rates  of  ipO  in  A.1.0^  ha  o  been  re¬ 
ported,  and  (d)  inhonogeneities  such  as  tho.;*  shown  are  probably  net  representa¬ 
tive  of  the  saiple. 


Figures  13&A-E  and  13bC  show  that  the  size  of  the  alumina  grains  calculated 
on  the  assignation  that  excess  magnesia  in  solid  solution  with  alumina  tends  to 
segregate  at  the  griin  boundaries  ii  in  agreement  with  the  experimen tally  deter¬ 
mined  groin  size  (Fig.  8D  and  earlier  petroi  raphic  results).  It  is  lelt  that 
this  sample,  as  well  as  the  CR757H  somple,  shows  a  solid  solution  gradient  of 
s  a.fsesia  in  aTumina. 


Another  region  of  the  CR757H  sample  examined  previous^  is  shown  in  Figs. 

7A,  ?B  anu  lh.  Only  spiiiel  grains  can  be  examined  with  ti  is  less  sensitive  data. 
It  explains  vhj  the  2  '  magnesia-containing  composition  seened  to  have  less  mag¬ 
nesia  present  than  the  l/iri  magnesia-containing  composition.  The  sample  is  also 
presented  to  give  further  evidence  that  a  solid  solution  gradient  of  magnesia 
exist*  in  spinel. 


D.  Summary  of  Ht-ults  and  Discussion  of  the  Entire  Program  (B  and  C  above) 


1.  General 


.The  sintering  characteristics  of  alumina  were  determined  as  a  function  of 
temperature,  time,  firing  atmosphere  and  concentration  of  magnesia  additions. 

The  lowest  temperature  at  which  pure  aimina  compositions  can  attain  less  than 
1>  total  pore  volume  is  1550  C  (2822°F).  Tnis  is  realized  by  a  2,>  addition  of 
magnesia  and  firing  in  a  vacuum  with  a  soak  period  of  3  hours;  this  quality  is 
attained  with  a  1/1$  magnesia  addition  only  after  a  7~hour  soaking  period.  A 
hydrogen  firing  atmosphere  necessitates  a  firing  temperature  of  1650°C  (3000°F) 
pins  a  1-hour  soaK  with  both  the  l/li  and  2/  magnesia  additions;  a  U-hour  soaking 
period  is  necessary  if  a  helium  atmosphere  is  used.  The  total  pore  volume  of 
the  pure  alumina  compositions,  that  is,  no  magnesia  additions,  never  becomes 
lower  than  1,9/  even  at  the  highest  firing  temperature  and  longest  soaking  per¬ 
iod,  To  approach  theoretical  density  or  a  total  porosity  less  than  0.1/,  it  is 
necessary  to  fire  to  1750  C  i41  either  vacuum  or  hydrogen^  The  1/hA  magnesia 
composition  reaches  this  with  a  1-hour  soak  while  the  2/>  takes  3  hours. 

An  intensive  study  of  the  structure  of  this  composition  and  the  mechanism 
that  produced  it  was  undertaken.  investigation  of  the  phases  formed  and  their 

distribution  was  made,  using  micro  pic  and  x-ray  diffraction  techniques.  By 

using  the  back-reflection  x-ray  camera  an  attempt  vas  made  to  determine  if  mag¬ 
nesia  goes  into  solid  solution  vith  alumina.  An  invest. igation  of  the  mat  nesia 
distribution  in  the  sintered  samples  uas  made,  using  electron  probe  analysis. 
These  two  methods  vrers  used  in  an  attempt  to  understand  the  role  of  magnesia  ad¬ 
ditions  in  the  sintering  of  alumina.  Transmission  electron  microscopy  was  used 
in  an  attempt  to  determine  the  quenched  defect  structure  associated  with  sinter¬ 
ing.  Determinations  of  the  activation  energy  associated  v.ith  the  sintering  pro¬ 
cess  were  attempted  using  electrical  measurements.  Activation  energies  could 
not  1  determined  by  either  method.  This  vas  probably  due  to  the  co:nplex  and 
numerous  effects  occurring  simultaneously. 

The  inability  to  determine  ac.tiva*  ion  energies  may  also  be  due  to  a  depen¬ 
dence  of  the  diffusion  coefficient  on  the  vacancy  concentration.  If  one  assumes 
that  this  concentration  is  controlled  by  entropy  considerations,  the  vacancy  con¬ 
centration  will  vary  exponentially  with  temperature s  If  it  is  assumed  that  the 
vacancy  concentration  is  controlled  by  magnesia  solid  solution  etc.,  and  because 
the  degree  of  solid  solution  will  have  a  temperature  dependency,  this  concentra¬ 
tion  rill  also  vary  with  temperature.  In  either  situation,  a  plot  of  the  loga¬ 
rithm  of  the  diffusion  coefficient  vs.  the  reciprocal  of  the  absolute  tempera¬ 
ture  would  not  be  expected  to  yield  a  straight  line. 

2.  Effects  of  Atmospheres 

The  sintering  rate  was  found  to  be  independent  of  firing  atmosphere  at  high 
temperatures  with  either  vacuum  or  hydrogen.  This  indicates  that  in  the  final 
stages  of  ; inter ing  the  rate  of  diflusion  of  hydrof^n  was  not  a  rate-controlling 
step  and  that  hydro:  en  diffuses  probably  as  H  or  II  ,  Since  helium-fired  samples 
at  lower  temperatures  yielded  results  similar  to  hydrogen,  and  since  helium  is 
not  likely  to  react  with  alumina  and  prouuce  stoichiometric  defects,  there  is  no 
indication  that  hydrogen  enhances  the  sintering  rate  by  producing  defects  at  low 


temperatures.  Vacuum-fired  samples  had  the  highest  sintering  rate  at  l550°C. 
Helium-fired  samples  shoved  a  higher  initial  sintering  rate  at  1550  C  than  hy¬ 
drogen.  These  results  can  be  explained  by  comparing  the  diffusivlties  of  the 
gases  arid  the  lack  of  gas  in  the  case  of  vacuum.  Since  hydrogen  is  larger  than 
Helium,  the  diffusivity  of  hydrogen  in  vhich  form  it  probably  diffuses  when 

open  pores  are  present)  is  less  than  helium.  The  results  indicate  chat  at  this 
stage  of  sintering  the  over-all  rate  is  partially  controileg  by  gas  diffusion. 

The  enhanced  sintering  rate  of  helium  over  hydrogen  at  1550  C  found  to  de¬ 
crease  with  time  as  a  function  of  decreased  open  porosity.  Since  helium  does 
not  diffuse  appreciably  through  impervious  alumina,  this  relationship  is  reason¬ 
able.  At  higher  temperatures,  over-firing,  both  as  a  function  of  time  and  tem¬ 
perature,  was  noted  in  helium  for  all  compositions.  This  over-firing  is  due  to 
the  inability  of  helium  to  diffuse  through  the  structure  when  open  porosity  is 
absent.  As  the  temperature  increased,  the  partial  pressure  of  helium  (non- 
diffusible  gas)  increased}  at  tie  same  time  the  surface  energy  decreased  slowly. 
Therefore  the  increased  pressure  within  the  pore  became  sufficient  to  overcome 
the  surface  energy  driving  force  and  the  body  over-fired*  The  time  dependence 
for  this  expansion  v  is  probably  due  to  a  delayed  elastic  effect,  plastic  flow  or 
Eebarro-Herring  creep.  Samples  fired  in  vacuum  and  hydrogen  did  not  over-fire 
under  the  same  conditions.  Theoretical  density  was  approached  by  all  magnesia- 
containing  compositions  in  hydrogen  and  vacuum. 

The  microstructure  results  indicate  that  normal  grain  growth  is  not  a  func¬ 
tion  of  firing  atmosphere.  Since  the  vapor-solid  surface  energy  is  only  vsiy 
slightly  affected  by  atmosphere,  the  above  result  seems  quite  reasonable.  Exag¬ 
gerated  grain  gro^rth  was  found  to  occur  at  a  lov;er  temperature  in  helium  than 
either  hydrogen  or  vacuum  for  the  pure  alumina  composition.  A  yalid  explanation 
was  not  formed  for  this  Phenomenon,,  exaggerated  grain  growth  '.fas  noted  in  the 
1/U5,  but  not  for  the  25,  magnesia  containing  composition  at  1700  0  in  helium. 

This  ’.’as  probably  due  to  the  greater  degree  of  inhibition  of  both  normal  and 
exaggerated  grain  growth  found  in  trie  25  magnesia-containing  composition. 

3.  Effects  of  Magnesia  Additions 

Under  all  conditions,  the  "ire  alumina  composition  was  found  to  have  a  lower 
sintering  rate  than  the  magnesia-containing  competitions.  This  difference  in 
sintering  rate  is  due  nob  only  to  magnesia's  inhibition  of  exaggerated  grain 
growth  or  its  postulated  retardation  of  normal  grain  growth  (rief.  ^U),  but  also 
to  the  enhanced  rate  due  to  solid  solution  or  adsorption.  At  1550  one  of  the 
temperatures  where  this  difference  in  rate  was  found,  no  noticeable  amount  of 
exaggerated  grain  growth  occurred  with  any  composition  fired  in  vacuum  or  hydrogen. 
The  grain  size  of  all  compositions  vras  similar.  The  differences  in  sintering 
rate  between  ti  e  pure  alumina  and  the  magnesia-containing  compositions  can  be  at¬ 
tributed  to  the  following: 

1)  At  higher  temperatures  magnesia  inhibits  exaggerated  grain  growth,  there¬ 
by  allowing  the  compositions  containing  inac-nesia  to  reach  theoretical 
density. 

2)  i apnesia  ma>  form  a  spinel  coating  or  large  numbers  of  tine  spinel  part¬ 
icles  around  the  alumina  grain  and  change  the  surface  energy  configura¬ 
tion  in  a  vray  which  may  aid  or  hinder  sintering. 
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3)  Limited  a/iounts  (less  than  0.25  i)  of  magnesia  may  go  into  solid  solution 
with  alumina  and  also  form  a  solid  solution  gradient  from  the  grain  bound¬ 
ary  to  the  grain  interior.  3ecause  of  stoichiometric  considerations  va¬ 
cancies  may  form  and  increase  the  diffusion  coefficient.  If  a  solid  so¬ 
lution  gradient  is  formed,  a  vacancy  concentration  gradient  nvay  be  built 
into  the  system  in  the  proper  direction  to  enhance  sintering.  If  both 
these  efiects  occur,  tl- e  sintering  rate  will  increase,  since  the  sinter¬ 
ing  rate  equals  the  diffusion  coefficient  multiplied  by  the  vacancy  con¬ 
centration  gradient. 

The  sintering  rates  for  all  magnesia  compositions  are  quite  similar,  '.There¬ 
fore,  the  sintering  rate  over  this  compositional  range  v as  independent  of  the 
magnesia  content  but  dependent  on  some  critical  minimum  amount,  Bruch  ^-cef.  35,' 
indicates  that  similar  sintering  rates  were  obtained  for  both  0.25,5  and  0.10/ 
magnesia-containing  compositions.  As  seen  from  the  results,  all  magnesia-contain¬ 
ing  compositions  vere  beyond  the  solid  solution  solubility  range  of  magnesia  in 
alumina.  Thus,  if  solid  solution  of  magnesia  in  alumina  was  the  major  contribu¬ 
tion  to  the  enhanced  sintering  rate,  ail  compositions  containing  magnesia  should 
have  similar  rates.  If  spinel  v  3  the  contributing  factor  to  tie  increased  rate 
(excluding  case  no.  2  mentioned  above),  it  would  be  compositxonally  sensitive- 
but  the  results  did  not  indicate  this. 

Because  of  the  absence  of  magnesia  in  this  pure  alumina  composition,  exag¬ 
gerated  grain  growth  was  found  to  occur  in  all  three  atmospheres,  nagnesia  can 
act  in  the  following  ways  to  inhibit  exaggerated  grain  growth; 

1)  It  can  change  the  vapor-solid  surface  energy,  and  thereby  affect  grain 
growth. 

2)  By  solid  solution  formation  and/or  formation  of  a  solid  solution  gradient, 
it  can  increase  the  sintering  rate  relative  to  the  rate  of  grain  growth 
arid  in  this  manner  by-pass  the  critical  porosity  region  at  a  lower  tem¬ 
perature.  Exaggerated  grain  growth  is  then  avoided. 

3)  It  can  be  adsorbed  at  the  surface  either  as  a  second  phase  or  a  solid 
solution  with  a  higher  concentration  of  magnesia.  In  this  *  ay,  it  can 
act  to  reduce  the  maximum  grain  boundary  velocity  which  would  be  reached 
when  tie  pore  phase  is  eliminated  in  tte  local  region  surrounding  the 
grain  boundary.  In  order  for  the  prain  boundary  to  move,  the  additional 
mapnesia  must  be  carried  along  with  it.  Therefore,  the  train  boundary 
velocity  is  lowered. 

It  is  felt  that  mechanisms  two  and  three  are  the  most  probable  mechanisms. 

The  rate  of  normal  grain  growth  was  f:und  to  be  similar  for  all  magnesia- 
containing  compositions  except  at  1750  C.  Due  to  greater  magnesia  concentration 
at  this  temperature  and  long  firing  times,  the  2 %  XigO-containing  composition  had 
a  smaller  grain  size. 

Work  by  Jergensen  and  Vestbrook  (Kefs.  29,  3b)  indicated  the  segregation  of 
mapnesia  in  solid  solution  with  alumina  at  the  grain  boundaries  at  1830  C.  They 
postulated  that  at  low  temperatures  during  the  initial  stape  of  sintering,  mag¬ 
nesia  in  solid  solution  with  alumina  near  the  grain  boundaries  retards  sintering 
by  reducing  the  diffusion  coefficient.  They  stated  that  during  the  intermediate 
and  final  sintering  stages  the  sintering  rate  is  enhanced  by  the  incorporation 
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of  magnesia.  These  authors  postulated  that  retardation  of  normal  grain  growth 
was  the  mechanism  that  produced  this  enhanced  rate.  This  mechanism  reduces  the 
distance  between  the  pore  and  the  grain  boundary.  The  retardation  of  normal 
grain  growth  results  in  an  increased  vacancy  concentration  gradient. 

It  is  felt  that  evidence  is  insufficient  for  their  conclusions  to  be  valid. 
They  made  microhardness  measurements  at  1830°C  that  indicated  magnesia  solid  so¬ 
lution  at  the  grain  boundary,  and  unsuccessfully  attempted  to  determine  this 
solid  solution  by  electron  probe  analysis.  However,  they  found  solid  solution 
when  using  the  beck- reflection  x-ray  camera.  Jergentsn  does  not  consider  a  tem¬ 
perature  dependence  for  the  solid  solution  of  magnesia  in  alumina  when  a  solid 
solution  is  assumed  at  1300°C  from  data  obtained  at  1830°C.  Disagreement  of  the 
results  and  the  mechanisms  found  by  Jergensen  were  previously  discussed.  Since 
additional  information  is  necessary  for  a  more  detailed  investigation  of  the  role 
of  magnesia  in  the  sintering  of  alumina,  the  following  techniques  were  utilised* 

1}  optical,  microscopy 

£)  x-ray  diffraction 

3)  back-reflection  x-ray  camera 

h)  electron  probe  analysis. 

An  attempt  was  made  to  determine  the  activation  energy  for  vacancy  movement 
and  relate  this  to  composition  and  atmosphere.  The  results  obtained  indicated 
that  this  determination  was  not  feasible. 

It  is  known  that  defect  structure  is  an  important  variabl  .  whose  effects 
must  be  understood.  Electron  transmission  microscopy  indicated  the  difficulty 
in  removing  the  phosphate  precipitate  formed  during  thinning  from  the  thin  sec¬ 
tions.  In  all  the  alumina  areas  examined,  evidence  of  dislocations  was  not  ob¬ 
served.  Tighe  and  Barber  have  shown  that  the  dislocation  density  in  as-g»own 
single  crystals  of  aluminum  oxide  made  by  the  Vemeuil  method  is  about  1?  dis- 
locations/cm  (Ref.  20).  This  would  correspond  to  about  one  to  ten  dislocations 
in  the  entire  field  of  view  of  the  electron  microscope.  With  Linde  A  the  number 
of  dislocations  introduced  by  fabrication  and  those  present  initially  wou' prob¬ 
ably  be  much  less  than  in  single  crystals.  Therefore,  the^dislocation  density 
in  the  sintered  samples  should  be  appreciably  less  than  Hr  and  may  be  undetect¬ 
able  if  examined  under  the  electron  microscope.  An  exhaustive  study  of  very 
large  numbers  of  grains  was  carried  outj  however,  dislocations  were  not  observed. 
Dislocations  may  be  present  at  grain  boundaries  in  measurable  concentrations,  but 
they  were  not  detected.  As  far  as  the  limited  data  could  be  used,  the  interior 
of  the  grain  was  found  to  be  dislocation-free.  Under  the  conditions  investigated, 
dislocations  appear  to  be  of  nd.no.'  importance  in  the  sintering  of  aluminum  oxide. 
This  would  tend  to  support  the  generally  accepted  opinion  that  sintering  of  alum¬ 
inum  oxide  is  diffusion-controlled.  If  the  above  is  conclusively  proven,  internal 
dislocations  may  not  act  as  either  vacancy  sources  or  sinks. 

Optical  microscopy  was  used  to  determine  the  spinel  distribution  in  the  sin¬ 
tered  sanplea.  The  distribution  of  magnesia  was  found  not  to  be  a  function  of 
composition.  At  l$$(rC  spinel  was  found  as  either  a  coating  orQa  large  disper¬ 
sion  of  small  particles  at  the  alumina  grain  boundary.  At  1?50°C  «*pin®l  was 
found  in  irregular  or  cubic-shaped  grains  at  the  intersection  of  two  or  more  alum¬ 
ina  grains.  The  latter  was  observed  by  the  authors  end  W.  C,  Alien  (Ref.  39). 


These  results  indicate  that  the  solid  solution  limit  of  magnesia  in  alumina  at 
these  temperatures  Is  below  0,25/J  MgO.  The  ability  of  spinel  to  form  its  own 
crystal  habit  nay  be  attributed  to  the  large  solid  solution  variation  of  AlgO^ 
in  MgO'AlgO.#  If  this  is  correct,  a  solid  solution  gradient  of  magnesia  in  spinel 
could  be  formed.  Although  this  gradient  was  shown,  it  does  not  validate  the 
above  mechanism.  Since  a  solid  solution  gradient  could  at  so  be  formed  by  the 
non-equilibrium  build-up  of  variable  compositioned  spinel  layers,  the  above  mech¬ 
anism  cannot  be  used  unequivocally.  The  above  effect  was  examined  by  the  elec¬ 
tron  probe. 

X-ray  diffractiog  patterns  were  made  of  the  2%  magnesia-containing  composi¬ 
tion  at  1$50  and  1750°C  and  the  presence  of  spinel  was  •sibs^-^tiated.  Since 
spinel  is  detected,  the  percentage  of  spinel  present  can  be  estimated  at  approx¬ 
imately  $  to  10£. 

The  theoretical  density  of  the  2%  magnesia-containing  composition  was  de¬ 
termined  by  optical  microscopy  methods  to  be  3.96  g/cc.  Since  a  comparison  of 
sintering  data  made  on  the  basis  of  bulk  density  is  invalid  when  the  theoretical 
densities  of  the  coupe  itions  are  different,  this  determination  was  critical. 

Grain  size  determinations  indicate  that  grain  size  was  not  a  function  of 
composition  at  155G°C.  Jergensen  reported  a  difference  in  grain  size  of  0.1 
micron  at  this  temperature  with  compositions  containing  0.0/S  and  0 .1#  MgO-contain- 
ing  compositions  (Ref.  3k).  Due  to  both  the  inherent  meaning  of  the  term  "average 
grain  size"  and  the  experimental  error,  it  is  felt  that  differences  in  grain  size 
of  this  order  are  not  significant.  Jergensen  then  proceeded  to  utilize  this  in¬ 
formation  to  explain  the  effect  of  magr  sia  in  the  sintering  of  alumina.  The 
results  reported  herein  appear  to  be  more  conclusive  and  possibly  of  greater  sig¬ 
nificance,  Prom  Brueh’s  studies  (Ref.  35),  Jergensen  has  shown  that  the  pure 
alumina  specimens  were  contaminated  by  magnesia.  This  occurred  because  of  mag¬ 
nesia's  volatility  during  firing.  Therefore  differences  in  grain  size  between  a 
l/ii#  magnesia-containing  composition  and  the  pure  alumina  composition  were  not 
reported  by  Coble  (Ref.  36).  In  the  effort  reported  herein  samples  were  placed 
in  covered  impervious  alumina  crucibles  during  the  firing  operation.  It  there¬ 
fore  seems  unlikely  that  sufficient  magnesia  could  be  introduced  to  the  pure 
alumina  composition  to  cause  the  grain  size  effect  noted  by  Jergensen.  In  his 
experiment  it  must  have  been  necessary  to  fire  the  composition  in  different  fur¬ 
naces.  Even  if  it  is  assumed  that  a  grain  size  difference  of  0.1  micron  is  sig¬ 
nificant,  it  seems  that  variations  in  grain  size  due  to  time,  temperature  and 
temperature  distribution  might  easily  account  for  the  observed  diff urence.  If 
sufficient  magnesia  evaporated  and  diffused  from  the  magnesia-containing  composi¬ 
tion  to  the  pure  alumina  composition  and  also  resulted  in  a  similar  grain  size 
for  both  compositions,  then  these  compositions  would  be  fairly  similar  and  should 
have  similar  sintering  rates,  Thi3  was  not  observed  by  Jergensen.  It  is  felt 
that  even  though  a  mechanism  of  grain  growth  inhibition  would  yield  different 
sintering  rates,  the  actual  mechanism  is  one  of  the  formation  of  both  a  solid 
solution  and  solid  solution  gradient  of  magnesia  in  alumina.  If  the^mechaniaqu, 
of  this  solid  solution  is  partially  or  wholly  the  replacement  of  2A1  *  by  2Mg 
and  creation  of  an  oxygen  vacancy,  an  increased  vacancy  concentration  and  con¬ 
centration  gradient  would  result.  This  increased  vacancy  concentration  and  va¬ 
cancy  gradient  would  be  in  the  proper  direction  to  enhance  the  sintering  rate. 


In  an  attempt  to  prove  the  mechanism  postulated  above,  the  a  olid  solution 
and  solid  solution  gradient  of  magnesia  in  alumina,  the  back-reflection  x-ray 
camera  and  electron  microprobe  analyzer  were  used. 

The  results  obtained  with  the  back-reflection  x-ray  camera  using  both  Linde 
A  starting  material  and  the  pure  alumina  composition  were  compared  to  the  l/i$ 
magnesia-containing  composition  and  showed  no  indication  of  solid  solution.  This 
result  differs  from  Jorgensen's.  The  change  in  d-spaeing  reported  by  Jorgensen 
seems  excessive.  If  a  change  in  d-spacing  of  the  order  of  magnitude  shown  by 
Jergsnsen  exists,  it  would  have  been  observed  by  these  authors.  Ifre  results  ob¬ 
tained  in  this  study  using  the  back-re flection  camera  can  be  interpreted  to  mean 
one  of  the  following; 

1)  No  solid  solution  exists. 

2)  Little  if  any  change  in  d-spaeing  would  be  noted  when  the  solid  solution 
is  partly  or  wholly  interstitial. 

3)  The  magnesia  concentration  was  too  lew  for  detection. 

h)  If  a  solid  solution  gradient  exists,  this  technique  will  measure  an 
average  value  which  would  be  far  less  than  a  uniform  magnesia  distribu¬ 
tion,.  Therefore,  the  solid  solution  would  be  even  more  difficult  to 
detect. 

The  electron  probe  analyzer  was  used  to  clarify  the  mechanism  by  which  magnesia 
affects  the  sintering  kinetics  of  alumina.  The  following  results  obtained  with 
the  electron  probe  will  show  why  the  back-reflection  camera  technique  was  unsuc¬ 
cessful. 

The  results  obtained  from  the  electron  probe  indicate  the  following; 

1)  Every  area  examined,  including  the  sample  whose  Mg  fluorescent  picture 
was  black,  had  some  magnesia.  Only  a  few  localized  regions  gave  some 
isolated  values  of  0 %  Mg. 

2)  Regions  designated  as  spinel  grains  were  found  containing  3  to  k  art.  $ 

Mg  in  areas  containing  one  or  a  few  grains  at  17!>0oC. 

3)  A  solid  solution  gradient  of  magnesia  in  spinel  occurs  at  1?50°C. 

h)  Segregation  of  Mg  in  localized  regions  forming  spinel  crystals  of  simi¬ 
lar  size  to  the  best  grain  size  were  noted  at  1?50°C  but  not  at  1550°C. 

5)  The  limit  of  solid  solution  of  magnesia  in  alumina  was  postulated  to 
vary  from  0.1$  to  0.008$  Mg  by  weight. 

6)  A  possible  solid  solution  gradient  of  magnesia  in  alumina  was  determined. 

In  order  to  interpret  the  sintering  results,  some  of  the  probe  results  will  be 
discussed. 

It  was  observed  from  the  sintering  results  that  the  sintering  rate  was  not 
a  function  of  magnesia  content  above  a  certain  critical  level.  This  can  be  in¬ 
terpreted  to  indicate  that  spinel  above  certain  concentrations  does  not  affect 
the  sintering  of  alumina.  If  the  low-tempereture  and  high- temperature  data  are 
compared,  a  small  compositional  effect  may  exist  at  15£0  C.  Since  the  composi¬ 
tion  of  the  spinel  phase  increases  in  alumina  content  with  increasing  temperature, 
producing  a  probable  decrease  in  theoretical  density  (spinel  is  less  dense  than 
alumina)  with  increasing  temperature,  this  effect  probably  accounts  for  the 
slight  difference  in  sintering  rate  of  magnesia-containing  conpositiona.  As 


further  evidence  in  support  of  the  similar  sintering  rates  of  magnesia-containing 
compositions,  there  is  a  large  degree  of  similarity  in  magnesia  distribution  up 
to  the  point  of  spinel  formation  between  the  0.  1/k  and  2.0 %  magnesia-containing 
samples  as  determined  by  optical  microscopy  and  electron  probe  analysis.  Varia¬ 
tions  noted  in  the  magnesia  content  of  the  specimen  were  indicated.  However, 
these  variations  were  of  total  quantity  rather  than  the  manner  of  distribution. 

A  probable  solid  solution  and  a  solid  solution  gradient  were  detected  at 
high  temperatures  with  the  magnesia-containing  compositions.  A  segregation  of 
spinel  into  large  localized  regions  was  observed  at  1750°C.  This  segregation 
may  be  due  to  either  localized  magnesia  concentrations  which  were  noted  to  a 
slight  extent  at  1550°C  with  the  electron  probe,  or  to  incompatibility  (high  in¬ 
terfacial  energy)  between  spinel  and  alumina. 

Thg  probable  solid  solution  and  solid  solution  gradient  can  only  be  justified 
at  1750  C,  since  at  1550°C  the  grain  size  was  generally  too  small  for  interpreta¬ 
tion  with  the  electron  probe.  Total  porosity  studies  indicate  the  similarity  in 
relative  sintering  rates  of  the  magnesia-containing  conpositions  and  the  pare 
alumina  composition  at  both  1550  and  1750°C.  The  rate  of  normal  grain  growth  was 
compositionally  insensitive  and  exaggerated  grain  growth  did  not  occur  in  any  com¬ 
position  in  vacuum  or  hydrogen  at  C.  Therefore  the  enhanced  rate  with  mag¬ 
nesia  additions  cannot  be  a  function  of  either  normal  or  exaggerated  grain  growth. 

As  a  result  of  the  above,  a  solid  solution  and/or  a  solid  solution  gradient 
of  magnesia  in  alumina  may  be  theorized  at  1550°C.  The  solid  solution  formed  is 
probably  temperature-sensitive  and  should  increase  with  increasing  temperature. 
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If  the  solid  solution  is  partially  the  replacement  of  2A1  by  2Mg  ,  then 
an  increase  in  both  the  diffusion  coefficient  and  the  vacancy  concentration  grad¬ 
ient  will  produce  an  enhanced  sintering  rate.  Electron  probe  and  sintering  re¬ 
sults  show  that  the  solid  solution  mechanism  of  magnesia  in  alumina  is  probably 
predominantly  substitutional  rather  than  interstitial.  A  minimal  effect  or  a  de¬ 
crease  in  sintering  rate  should  result,  since  excess  vacancies  should  not  be  gen¬ 
erated  with  an  interstitial  solid  solution.  This  decrease  or  minimal  effect  is 
contrary  to  the  observed  results.  Fick's  Law  shows  that  the  multiplication  of 
the  diffusion  coefficient  by  the  concentration  gradient  yields  the  rate  of  mass 
transfer  toy  diffusion.  The  effect  of  magnesia  can  now  be  explained  by  recognizing 
that  the  probable  solid  solution  and  solid  solution  gradient  formed  can  increase 
either  the  diffusion  coefficient  or  the  vacancy  concentration  gradient  or  both, 
and  thereby  increase  the  sintering  rat*,.  It  is  still  necessary  to  prove  conclu¬ 
sively  that  magnesia  in  solid  solution  with  alumina  will  produce  vacancies. 

Jorgensen  (Ref.  3U)  and  Cutler  (Ref.  37)  showed  that  magnesia  acts  as  a  sin¬ 
tering  inhibitor  to  alumina  in  the  initial  stages  of  sintering  at  about  1300°C. 
Jorgensen  stated  that  this  inhibition  was  due  to  a  reduction  of  the  diffusion  co¬ 
efficient  by  a  solid  solution  mechanism  near  the  grain  boundary.  He  assumed  that 
the  measurements  he  had  made  at  103O°C  which  determined  the  solid  solution  of  mag¬ 
nesia  in  alumina  in  the  vicinity  of  the  grain  boundary  were  applicable  at  1300  C. 
He  then  showed  experimentally  that  magnesia  could  reduce  the  sintering  rate  of 
alumina  and  reported  that  this  change  was  due  to  a  reduction  of  the  diffusion 
coefficient. 


Two  possibilities  for  their  conclusions  are  proposed  8 

1)  a  change  in  type  of  solid  solution  with  temperature. 

2)  the  effect  of  spinel  on  the  sintering  rate  of  alumina  at  low  temperatures. 

In  the  first  case,  if  it  is  assumed  that  solid  solution  occurs  at  1300°C,  the  type 
of  solid  solution  may  be  totally  or  nart^ally  interstitial.  As  the  temperature 
is  raised,  the  nature  of  this  solid  solution  ma^change,  i«  larger  percent¬ 
ages  of  a  one  for  one  replacement  of  Al+J  by  Mg  may  occur,  thereby  enhancing 
the  sintering  rate.  In  the  second  case,  the  solid  solu* ion  of  magnesia  in  alum¬ 
ina  may  not  exist  ari  the  effect  observed  could  bo  due  only  to  spinel.  From  the 
calculations  made  p  deviously  on  Navias'  work  (Ref.  3&),  there  seems  to  be  small 
likelihood  that  magnesia  would  diffuse  from  the  spigel  formed  at  1300°C  into  the 
alumina  grains.  At  temperatures  near  or  above  1550°C,  aluminum  and  magnesium  are 
sufficiently  mobile  Ao  form  some  solid  solution  of  magnesia  in  alumina.  The  mech¬ 
anism  of  spinel's  5  ihibition  c  the  tinteiing  of  alumina  may  be  due  to  either  a 
lowering  of  the  surface  >nergy  or  a  lowering  of  the  diffusion  coefficient  in  the 
manner  shown  bciow. 

As  indicated  by  the  r*  -rostructuraj.  results  at  1550°C,  a  spinel  second  phase 
was  noted  as  a  coating  or  a  fine  dispe-sion  at  the  grain  boundary.  The  path  of 
diffusion  of  a  vacancy  in  thib  system  would  begin  at  the  spinel  layer  ar.d  diffuse 
through  both  this  layer  and  the  alumina  gr  ain  to  the  grain  boundary,  where  it  is 
finally  eliminated.  This  process  may  lover  the  diffusion  coefficient.  As  the 
temperature  is  raised  above.  1300°C,  an  increasing  percentage  of  magnesia  enters 
the  alumina  grains  as  a  solid  solution.  A  gradient  of  magnesia  concentration  is 
built  into  the  alumina  grains.  Th°  effects  of  both  the  solid  solution  and  the 
gradient  overshadow  the  inhibiting  effec*  of  spinel.  This  results  in  an  enhanced 
sintering  rate.  The  enhanced  sintering  rate  of  compositions  containing  magnesia 
has  bean  shown  by  this  investigation  in  the  temperature  region  of  1550  to  173>0°C. 
Similar  sintering  rates  of  all  magnesia-containing  compositions  indicate  that  the 
spinel  phase,  at  least  at  higher  cor. cent  rations,  is  relatively  unimportant  in 
sintering  in  this  system.  This  independence  tends  to  agree  with  the  mechanism 
just  proposed, 

E.  Conclusions 


1.  Minimum  Conditions  for  Attaining  99%  of  True  Density 

Magnosia 


Temperature 

Time 

Atmosphere 

Addition 

1550°C 

3  hrs 

Vacuum 

2% 

1550  c 

7  hrs 

Vacuum 

1650  c 

1  hr 

Hydrogen 

l/U+2% 

165n°C 

U  hrs 

Helium 

l/h+2% 

2.  Minimum  Conditions  for  Attaining  100#  of  True  Density 


Temperature 

Time 

Atmosphere 

Magnesia 

Addition 

1750°C 

1  hr 

Vacuum  and  hydrogen 

1/W 

1750°C 

3  hr& 

Vacuum  and  hydrogen 

2% 

100$  alumina  exhibits  1.9#  porosity  at  best. 
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3.  Atmospheric  Effects 

*)  The  sintering  rate  was  found  to  be  independent  of  firing  atmosphere  it 
high  temperatures  with  either  hydrogen  or  vacuum,  which  indicates  the  probable 
diffusion  of  hydrogen  as  H°  or  H  . 

b)  There  was  no  indication  that  hydrogen  enhances  the  sintering  rate  of  alum¬ 
ina  by  creating  lattice  defects. 

c)  At  low  temperatures  the  sintering  rate  was  affected  by  gas  diffu&lcn 
through  the  pores.  The  higher  the  diffusivity  of  the  gas  the  higher  the  sinter 
lng  rate* 

d)  The  initial  sintering  rate  in  helium  was  higher  than  hydrogen  at  1 $$0°Gf 
but  oscreased  with  decreasing  open  ^orcsit:  . 

e)  Over-firing  was  observed  to  oc^ur  as  a  function  of  both  time  and  temper*, 
ture  in  helium  at  higher  temperatures 

f)  Theoretical  density  was  reached  on?  in  vacuum  and  hydrogen. 

g)  Normal  grain  growth  was  not  a  function  of  firing  atmospnere. 

h)  Exaggerated  grain  growth  occurred  with  the  pure  alumina  composition  in 
vacuum,  hydrogen  and  helium. 

i)  Exaggerated  grain  growth  occurred  at  a  lower  temperature  in  helium  with 
the  pure  alumina  composition  than  in  vacuum  or  hydrogen. 

J)  No  exaggerated  grain  growth  occurred  with  the  magnesia-contaii_lng  samples 
in  vacuum  or  hydrogen. 

k)  Significant  amounts  of  exaggerated  grain  growth  occurred  with  the  l/hJ> 
magnesia  composition  in  helium  at  1750°C.  Little  indication  of  exaggerated  grain 
growth  was  found  for  the  higher  magnesia-containing  compositions., 

U.  Effects  of  Magnesia  Additions 

a)  The  pure  alumina  Composition  had  a  lower  sintering  rate  than  the  magneria- 
containing  compositions* 

b)  At  1550°C  the  rate  of  normal  grain  growth  was  independent  of  cor, position 
in  hydrogen  or  vacuum. 

c)  The  mechanism  proposed  for  the  enhanced  sintering  .ate  with  additions  of 
magnesia  is  the  formation  of  a  solid  solution  and  a  solid  solution  gradient  that 
probably  increase  the  diffusion  coefficient  and  the  vacancy  concentration  gradient. 

1)  The  only  mechanism  of  solid  solution  t‘  it  seems  to  yiel^  ..re  suits 

agreement  with  these  obtained  is  the  replacement  of  2A1  J  by  2Mg  and 
the  nation  of  an  oxygen  vacancy.  Other  types  of  solid  solution  mech¬ 
anisms  proposed  seem  to  decrease  or  have  little  effect  on  the  number 
of  vacancies. 
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d)  The  activation  energy  for  vacancy  movement  could  not  be  measured. 

e)  The  activation  energy  for  sintering  in  the  intermeuiate  and  final  stage 
ol  sintering  could  not  be  measured. 

f)  No  dislocations  were^seen  with  the  limited  number  of  sairples  investigated 
'dislocation  densities  of  lCr  normally  found  in  alumina  would  correspond  to  from 
1  to  .1  or  less  dislocations  per  field  of  view)  with  the  electron  microscope. 

This  would  tend  to  indicate,  in  a  limited  manner,  that  dislocations  have  little 
effect  on  sintering.  This  agrees  with  the  sintering  literature  on  alumina. 

*»)  No  observable  difference  was  noted  in  the  manner  in  which  spinel  was  dis- 
tribut  d  in  all  magnesia-containing  compositions  by  both  the  optical  microscope 
and  electron  probe  analysis. 

h)  Using  oi  bical  microscopy  methods,  spinel  was  found  as  a  coating  or  as  a 
dispersion  of  small  crystals  along  the  alumina  grain  boundaries  at  1$$0°C. 

i)  A  segregation  of  spinel  was  found  at  1750°C. 

J )  Spinel  was  formed  as  irregularly  shaped  grains  and  in  cubes  between  alum- 
in.  grains  at  P,50°C. 

k)  X-ray  dii fraction  indicates  the  formation  of  spinel  at  1550  and  1750cC 
with  vhe  2%  magnet ia-containing  sample. 

■>  )  The  segrega  ion  of  spinel  at  1750°C  indicates  incompatibility  (high  inter¬ 
facial  energy)  betwt  n  alumina  and  spinel  and/or  local  inhomogeneities. 

m)  The  theoretical  density  of  the  2/  magnesia-containing  conposition  was 
found  tc  \  '  3,96  g/cc  at  1750°C.  This  value  may  change  as  a  function  of  tempera¬ 
ture  due  tc  the  variation  in  the  alumina  content  of  the  spinel  solid  solution. 

n)  Soliu  solution  of  magnesia  in  alumina  was  not  found  with  the  back-reflec¬ 
tion  x-ray  ca 

o)  When  using  the  back-reflection,  x-ray  camera,  no  variation  in  d-spacing 
was  observed  as  a  function  of  both  groin  siae  and  temperature  with  the  1/1$ 
magnesia-doped  c  ^position. 

p)  Electron  microprobe  analysis i 

l1!  Except  for  a  feu  isolated  points,  all  areas  examined  had  soma  measur¬ 
able  ^sreeutage  of  magnesium. 

2)  Spinel  grains  were  found  and  a  solid  solution  gradient  of  Kg  increasing 
from  th**  grain  boundary  to  the  interior  was  observed. 

3)  Magnesium  was  found  to  be  segregated  at  1750°C  but  not  at  1550°C. 

U)  A  probable  solid  solution  of  magnesia  in  alumina  is  theorised  which 
varies  from  about  0.14  Mg  to  g.OOfljC  Mg  at  1750°C.  Thia  solid  solution 
was  infarred  to  exist  at  1550°C  from  experimental  results.  Further 
studies  are  needea  because  some  conflicting  data  were  obtained. 


5)  If  a  solid  solution  exists,  then  a  solid  solution  gradient  of  magnesia 
in  alumina  was  found  with  magnesia  increasing  in  concentration  as  the 
grain  boundary  is  approached  at  1750°C.  This  gradient  was  also  in¬ 
ferred  at  1550  C  from  experimental  measurements. 

6)  A  large  degree  of  similarity  was  found  between  the  magnesia-containin.- 
compositions.  This  result  tends  to  substantiate  the  sim  xarity  in 
sintering  rates  found  with  the  magnesia-containing  compositions. 

7)  Two  proposed  mechanisms  were  postulated  to  explain  (i)  the  inhibition 
of  sintering  of  alumina  by  magnesia  during  the  initial  stage  of  sin¬ 
tering,  and  (ii)  the  enhanced  rate  found  during  the  intermediate  and 
final  stages  of  sintering  of  alumina.  They  are: 

i)  With  increasing  temperature,  the  mechanism  (type  of  solid  solution) 
of  solid  solution  of  magnesia  in  alumina  may  change  from  mostly 
interstitial  to  most  substitutional. 

ii)  If  solid  solution  of  magnesia  in  alumina  is  non-existent  during 
the  Initial  stage  of  sintering,  spinel  may  act  to  inhibit  the  sin¬ 
tering  of  alumina  by  reducing  the  surface  energy  and/or  the  diffu¬ 
sion  coefficient.  Then-  as  the  temperature  is  raised,  magnesia 
enters  the  alumina  structure  in  solid  solution  and  overshadows  the 
effect  of  spinel  in  the  intermediate  and  final  stages  of  sintering. 
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III.  Devitrification  Studies 


A.  Introduction 

This  third  phace  of  the  research  program  deals  with  the  development  of  ceramic 
bodies  which  mature  in  the  1800  to  2600°F  temperature  range.  The  devitrification 
approach  of  the  prereacted  raw  materials  technique  has  been  utilised  in  the  fabri¬ 
cation  of  these  compositions.  This  technique  resulted  in  significant  improvement 
over  conventional  fabrication  in  at  least  three  areas,  excellent  reproducibility 
of  samples  can  be  attained,  since  the  raw  materials  are  mixed  on  an  atomic  basis 
in  the  fritting  operation.  Secondly,  the  quenched  glass  can  be  ground  easily  to 
the  desired  particle  size  for  optimum  packing,  and  thirdly,  the  crystal  size  of 
the  final  body  may  be  controlled  with  proper  heat  treatment.  The  basic  steps  in 
the  fabrication  are  as  follows!  melting  of  the  total  composition,  quenching  in 
water  drying,  grinding  to  a  controlled  particle  size  distribution,  fabrication 
into  specimens,  and  firing.  In  the  firing  operation,  a  crystalline  phase  is  de- 
vitrified  from  the  glass.  Thus  the  resulting  body  is  then  a  matured  crystalline 
body  containing  some  glass  for  densification. 

Compositions  containing  cordierite,  2Kg0*2Al20  *5SiCL,  as  th  ->  major  crystal¬ 
line  phase  were  selected  fcr  the  study.  The  stable  nigh  temperature  polymorph 
of  cordierite,  the  alpha  form,  is  characterized  by  a  low  coefficient  of  linear 
thgrmal  expansion,  approximately  1.3  x  10~°  in/in/0C  over  the  temperature  range 
25  to  700  C.  This  low  thermal  expansion  is  conducive  to  high  thermal  shock  re¬ 
sistance,  which  is  a  primary  requirement  in  the  development  of  ra^ome  material  . 

A  serious  disadvanta  i  of  most  cordierite  compositions  prepared  convention¬ 
ally,  that  is,  by  solid  phase  reaction,  is  the  narrow  firing  range.  In  order  to 
increase  the  firing  range,  commercial  bodies  are  chosen  with  a  composition  sig¬ 
nificantly  removed  from  the  theoretical  cordierite  composition  in  order  to  develop 
a  liquid  phase  which  results  in  densification.  However,  these  compositions  con¬ 
tain  a  substantial  amount  of  other  crystalline  phases,  and  with  the  glass  present, 
exhibit  increased  thermal  expansion  and  thus  reduced  thermal  shock  properties. 

If  a  composition  of  theoretical  cordierite  is  utilized,  the  liquid  phase  necessary 
to  densify  the  body  can  only  come  from  the  incontinent  melting  of  the  phase.  This 
is  unsatisfactory  owing  to  the  rapid  nature  of  the  melting  and  to  low  viscosity 
of  the  glass  formed,  .’hether  puro  cordierite  can  be  sintered  has  not  been  deter¬ 
mined. 

With  the  fabrication  of  a  cordierite  body,  two  factors  must  be  considered! 

0)  maximum  cordierite  development  for  low  thermal  expansion,  and  (?.)  sufficient 
liquid  phase  to  densify  the  body  without  adversely  affecting  the  amount  or  devel¬ 
opment  of  the  cordierite  phase.  The  addition  of  the  liquid  phase  may  be  approached 
from  two  aspecte.  The  first  ie  the  melting  of  a  composition  near  the  cordierite 
composition,  such  that  cordierite  and  another  phase,  glass  and/or  crystalline, 
would  be  developed.  These  other  phases  would  react  with  the  cordierite  to  form 
a  liquid  phase  below  the  incongruent  smiting  tamper a tore  of  the  cordierite,  thus 
preserving  sufficient  cordierite  to  dominate  the  expansion  characteristics  of  the 
body.  The  second  approach  deals  vith  the  incorporation  of  a  second  frit  which 
would  supply  the  glass  phase  necessary  for  densification  of  tha  ccrdierite  pro- 
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duced  from  «  pui-e  cordierite  glass,  In  this  manner,  it  would  not  be  necessary 
for  the  cordlerite  development  to  be  inhibited  by  reactions  to  Tom  a  liquid  phase. 

In  the  previous  Naval  Contract  NOw  6U-00if0-d,  a  preliminary  study  of  cordier- 
ite  compositions  was  conducted  utilizing  both  the  one-frit  and  two-frit  approaches. 
Two  compositions  cut  of  eighteen  one-frit  composi  'ons  were  found  to  attain  futur¬ 
ity  and  possess  a  low  thermal  expansion.  The  initial  two-frit  composition  de¬ 
veloped  possessed  low  thermal  expansion  and  an  extended  firing  range. 

B,  Program  of  Study 

This  present  work  deals  with  an  extension  of  the  principle  developed  in  the 
earlier  contract.  The  one-frit  impositions  were  evaluated  with  regard  to  den¬ 
sity,  moisture  absorption,  fir  0  temperature,  linear  thermal  expansion,  elec¬ 
trical  properties,  transverse  strength,  and  micro3tructure .  The  two-frit  compo¬ 
sitions  developed  were  evaluated  for  the  same  physical  properties.  Also,  nine 
glasses  were  studied  as  densifylng  glasses  or  the  second  glass  for  the  two-frit 
system  for  the  cordierlte  compositions.  All  of  these  were  evaluated  for  thermal 
expansion,  and  all  were  evaluated  for  firing  range,  density,  moisture  absorption, 
crystalline  phases  present,  in  10^,  20*  and  30iS  additions  to  the  base  pure  cor- 
dierite  glass,  which  is  the  glass  which  produces  the  principal  crystalline  phase 
in  the  two-glass  system. 

C.  Compositions 

Figure  1 $  shows  the  location  and  several  properti  3  of  compositions  studied 
on  the  MgO.Al^O.SiC^  equilibrium  diagram.  Most  of  this  information  is  from  the 
last  contract  alid  the  details  ~e  reported  in  the  last  Final  Report,  This  in¬ 
formation  serves  as  reference  and  background  information  with  respect  to  the  one- 
glass  approach  to  the  devitrification  technique.  Table  III  lists  the  composition 

Table  III 


COMPOSITIONS 

EVALUATED 

IN  THE  MgO'Alp 

o3*Sio2 

SYSTEM 

C-8 

C-13 

Co 

Cb-9 

Cb-98 

nb-910 

Cb-96 

SiO? 

52 

55 

5i. U 

58.0 

52 

55 

61. if 

HrCT 

25 

10 

13.7 

7.67 

8.3 

6.67 

6. if 

Al-0, 

23 

35 

3U.9 

19.0 

23 

25 

18,3 

Ba6  3 

7.67 

8.3 

6.67 

6. if 

CaO 

7.67 

8.3 

6.67 

6. if 

C-A 

C-B 

C-C 

C-P 

C-E 

C-F 

SiO 

58 

55 

55 

61 

61 

lf9 

Mg<r 

6.67 

8.67 

7.67 

8.67 

3.69 

8.67 

^°3 

22 

19 

22 

13 

25 

25 

6.67 

8.67 

7.6? 

6.67 

3.67 

8.67 

CaO 

6.67 

8.67 

7.67 

8.67 

3.67 

8.67 
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Code 

Composition  #  , 

Coefficient  of  Linear  Thermal  Expansion  (x  10“°) 
Koisture  Absorption  (%) 


/ 


SiO„ 


Cristobalite 


Tridymite 


Protoenatitote  '/«  5.92 
/  (0.03) 


Cordierite 


.3.3 


C-l 

(o.oo) 


Mullite 


Spinel 


C-16 

3.8 

(O.OU) 


0-15 

2.U 

*  (o.o5) 


C-13 

1.09 

(0.00) 


Co 

1.29 

*(11.20) 


C-Ui 
1.90  . 
(3.90) 


3 

i 


Fig.  15 — Properties  of  Compositions  Evaluated  in  the  MgO'Al^O^’SiO^  System 
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of  several  pertinent  compos itions  from  Fig,  15  along  with  those  of  the  fluxing 
or  low  melting  glass  which  will  be  added  to  the  cordierite  or  second  glass.  Fig¬ 
ure  16  shows  the  location  of  the  compositions  in  the  RO*AipO  *SiOp  system,  in 
which  K0  represents  MgO,  CaO  and  BaO,  which  are  added  as  caroonatesj  the  alumina 
and  silica  were  added  as  oxides. 

D.  Processing  Procedures 

All  compositions  were  weighed  and  then  mixed  in  a  twin  shell  blender  for  1 
hour.  In  ordgr  to  decrease  the  bulk  all  AlpCL  *310- •Hgu  compositions  were  cal¬ 
cined  to  1800CF,  and  all  A1_0  ‘SiO- •I<g0*Ba0«Ca0  compositions  were  calcined  to 
1500°F.  Each  batch  was  then  passed  through  a  -20G  mesh  screen  to  break  up  ag- 
glomerants.  The  compositions  were  then  melted  individually  in  fire  clay  crucibles 
in  a  gas-fired  pot  furnace,  quenched  in  water,  dried,  and  milled  dry  for  U8  hours 
In  an  alumina  mill  with  alumina  pebbles.  This  ground  material  was  then  passed 
through  a  -200  screen  ani  was  used  as  the  raw  material  in  fabrication. 

In  the  one-frit  compositions,  the  raw  material  was  mixed  with  of  a  5/5 
Superloid  solution,  and  pressed  at  15,000  psi  into  1"  diameter  flat  discs.  These 
discs  were  fired  to  the  appropriate  maturing  temperature  in  6  hours  plus  a  1-hour 
soaking  period. 

In  the  two-frit  compositions,  the  two  frits  were  weighed  out  in  the  correct 
proportions  and  wet-milled  for  21a  hours  in  alumina  mills  with  alumina  pebbles, 
using  ethanol  as  the  fluid  phase.  Discs  of  the  same  size  as  noted  above  were 
pressed  under  the  same  conditions,  using  5/5  by  weight  of  a  5#  Superloid  solution 
as  a  binder.  These  di^os  were  then  fired  to  the  appropriate  maturing  temperatures 
in  6  hours  plus  a  1-hour  soaking  period. 

E,  Results 

1*  One-Frit  Approach 

In  the  previous  Naval  Contract,  NOw  6lA-00li0-d,  16  compositions  were  prepared 
utilizing  the  devitrification  technic?- <}.  These  compositions  were  evaluated  with 
regard  to  thermal  expansion,  density,  moisture  absorption,  and  firing  range.  Fig¬ 
ure  16  shows  their  compositional  locations  in  the  phase  digram,  along  with  their 
thermal  expansions,  and  minimum  moisture  absorptions.  The  object  was  to  develop 
a  £>ody  with  a  low  thermal  expansion,  zero  moisture  absorption,  and  at  least  a 
25°F  firing  range.  Two  compositions,  0-8  and  C-13,  were  the  only  compositions 
which  satisfied  these  requirements.  The  composition  and  fritting  temperature  of 
these  bodies  are  shown  on  Table  IV  along  with  their  physical  properties. 

These  two  compositions  were  prepared  in  larger  batches  in  order  to  evaluate 
more  fully  the  physical  properties.  Table  IV  presents  the  maximum  density,  min¬ 
imum  moisture  absorption,  firing  temperature  and  range,  coefficient  of  linear 
thermal  expansion,  electrical  properties,  transverse  strength,  grain  size,  and 
crystalline  phases  present. 

As  can  be  seen  from  Table  IV,  both  bodies  exhibitorelatiwely  high  densities, 
zero  or  almost  zero  moisture  absorption,  at  least  a  25^F  firing  range,  and  coef¬ 
ficients  of  linear  thermal  expansions  below  1.97  x  10”°  in/in/C.  The  transverse 
strength  of  C-13,  15,000  psi,  is  in  the  upper  range  of  values  for  cordierite  com- 
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Table  IV 


PROPERTIES  OF  THE  ONE-FRIT  TYPE  COMPOSITIONS 


C-13  C-8 

Sio  (56)  52  55 

A1  (%)  23  35 

i%)  25  10 

Fritting  Temperature  (°F)  2600  2? CO 

Density  (g/cc)  2.ii5  2.U1 

Moisture  Absorption  i*)  0.00  0.10 

Firing  Temperature  (°F)  2600  2525 

Coefficient  of  Linear  Expansion  1.69  1.97 

(x  10"6  in/in/  C) 

Dielectric  Constant  5.^5  5*U5 

Power  Factor  (56)  0.21  0.29 

Loss  Factor  (55)  1.16  1.60 

Transverse  Strength  (psi)  15,000  13,300 

Grain  Size  (u)  3-7  3-7 

Firing  Range  (°F)  2580-2610  2510-2535 

Crystalline  Phases  Present  Cordierite  Cordierite 

Mullite  Fosterite 

(minor)  (minor) 


positions.  Microscopic  studies  show  the  grain  size  to  be  3-7  microns  with  an 
evenly  distributed  glassy  bonding  phase,  and  approximately  7 %  closed  void  space. 
The  electrical  properties  show  average  dielectric  constants  for  cordierite  com¬ 
positions,  and  power  factor  and  loss  factor  are  in  the  range  expected  from  this 
type  of  body. 

Over-all,  both  bodies  possess  desirable  physical  properties,  low  thermal 
expansion,  relatively  high  strength,  and  a  workable  firing  range.  With  minimum 
additional  effort,  both  compositions  should  perform  adequately  for  radome  appli¬ 
cations. 

2.  Two-Frit  Approach 

In  the  previous  Naval  Contract,  NCw  6U-0Oi*O-d,  cordierite  compositions  were 
studied  in  which  additions  of  a  low  melting,  devitrifiable  <?lass  were  made  to  a 
cordierite  ylass  in  order  to  maximize  cordierite  development,  extend  the  firing 
range,  and  to  mature  the  body.  Only  one  glass,  Cb-9,  was  added  to  tho  cordierite 
glass,  Co,  in  1056,  2036  and  25#  additions.  Low  expansion  bodies  with  an  extended 
firing  range  were  realized. 

The  first  phase  of  the  present  study  deals  with  a  more  complete  evaluation 
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of  the  physical  properties  of  the  Co-Cb-9-  composition::,  Thocc  bodies  were  eval¬ 
uated  with  regard  to  density,  moisture  absorption,  firing  temperature  range,  co¬ 
efficient  of  linear  thermal  expansion,  electrical  properties,  loss  of  weight  in 
water,  crystalline  phases  present,  and  microstructure. 

The  second  phase  of  this  effort  deals  with  the  development  of  other  low 
melting  frits  to  be  added  to  the  cordierite  frit,  wine  other  glasses  were  pre¬ 
pared  and  evaluated  with  regard  to  firing  range  and  thermal  expansion  values, 

a.  Co-Cb-9  Frit.  Evaluation  of  Physical  Properties 

The  evaluation  of  the  physical  properties  for  10/5,  20,5  and  25/  additions  of 
Cb-9  to  the  cordierite  glass,  Co,  are  shown  in  Table  V.  It  can  be  seen  that  all 
bodies  have  0.00/  moisture  absorption,  relatively  high  densities,  a  firing  range 
from  50°F  for  a  10/  Cb-9  addition  to  150°  for  a  25;?  addition,  and  low  thermal  ex¬ 
pansions,  1.55  x  10  6  in/in/^C  for  a  10/  Cb-9  addition  up  to  1.99  x  10  in/in/°C 
for  a  25/  addition.  A  study  of  the  microstructure  shows  grains  the  2-10  p 
range  with  a  void  content  approximately  ?,,  of  volume.  The  elect. ^csl  properties 
of  the  20/  Cb-9  additions  show  the  body  to  be  in  the  L3  grade  range  of  the  MIL 
1-10  Specification. 

b.  Evaluation  of  Individual  Densifyinp  Glasses 

i.  Firing  Range 

Table  VI  shows  the  change  in  density  and  moisture  absorption  with  regard  to 
temperature,  '/hile  the  actual  densificagion  temperatures  vary  slightly,  it  can 
be  seen  that  all  compositions  haw  a  1*00°F  firing  range  over  which  the  density 
changes  only  slightly,  and  the  bodies  remainonon-porou8.  In  all  gases  except 
C-E,  the  compositions  are  non-porous  at  1800°F  and  melted  at  230O°F, 

Figure  16  shows  the  compositional  points  in  a  ternary  SiO,  •A1„0-*F0,  where 
HO  is  equal  molar  portions  of  MgO,  BaO  and  CaO,  It  can  be  seen  thavthere  is  no 
correlation  between  compositional  points,  extended  fixing  ranges,  and  high  den¬ 
sities.  Generally  the  highest  densities  and  longest  firing  ranges  are  found  for 
bodies  C-B,  C-C,  Cb-9  and  C-F,  which  are  in  the  center  of  the  diagram. 

ii.  Differential  Thermal  Analysis 

Differential  thermal  analysis  was  performed  on  the  glasses  Co,  Cb-9,  Cb-96, 
Cb-96  and  Cb-910,  The  curves  are  shown  in  Fig.  17.  The  curves  of  Cb-96,  Cb-9, 
Cb-96  and  Cb-910  possess  similar  shapes  with  regard  to  temperature*  thus  only  one 
representation  is  needed  for  these  glasses. 

The  differential  thermal  analysis  of  the  C'o  glass  is  interpreted  as  follows  i 
there  is  no  reaction  until  7tiO°C,  gt  which  temperature  the  glass  begins  to  nucleate* 
nucleation  continues  to  about  $36°C,  at  which  temperature  the  glass  crystallizes 
into  p-cordierite,  then  at  970  C  transforms  into  cordierite,  and  above  1000  C 
grain  growth  is  occurring. 

The  differential  thermal  analysis  of  the  Cb-9  type  gf  glasses  is  seen  to  be 
significantly  different.  Thgre  is  no  reaction  until  732  C,  at  which  temperature 
nucleation  occurs*  above  8liO°C,  two  things  are  occurring i  the  glass  is  softening 
and  crystallization  is  taking  place.  Ths  endothermic  reaction  associated  with 
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Table  V 


PHYSICAL  PROPERTIES  OF  TWO-FRIT  BODIES 


90#  Co 

80#  Co 

10#  Cb-9 

20#  Cb-9 

Density  (g/cc) 

2.37 

2.25 

Moisture  Absorption  (%) 
Firing  Range  (r) 

0.00 

0.00 

50 

75 

(2575-2625) 

(2500-2575) 

Coefficient  «^f  Linear 

1.55 

1.83 

Thermal  Expansion 
(x  10"°  lfl/W°C) 

Loss  of  Weight  in  Water  {%) 

0.0 

0.0 

Dielectric  Constant 

U.75 

Power  Factor  (#) 

0.30 

1*038  Factor  (56) 

1.1*3 

Transverse  Strength  (psi) 

13,000 

ll,5oo 

Crystalline  Phases  Present 

Cordierxte 

Cordierite 

Grain  Size  (p) 

2-10 

2-10 

Firing  Temperature  (°F) 

2600 

2550 

(Specimens  Tested) 

Void  Content  {%) 

7 

7 

75#  Co 
25#  Cb-9 

2*21* 

0.00 

100 

(21*50-2550) 

1.99 


0.0 


Cordierite 

2-10 

2500 

7 
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Table  VI 


/ 


MOISTURE  ABSORPTION  (>)  vs.  FIRING  TEMPERATURE  (°F) 


C-A 

C-B 

c-c 

C-D 

C-E 

C-F 

Cb-98 

Cb-910 

Cb-96 

Cb-9 

1500 

1.73 

1.57 

1.55 

1.92 

l.U* 

1.60 

— 

1600 

1.76 

°.16 

1.8? 

2.59 

1.15 

2.17 

2.73 

2.55 

2.59 

2.59 

1700 

2.23 

2.73 

2.72 

2.72 

1.75 

2.80 

2.75 

2.65 

2.60 

2.67 

1800 

2.65 

2.83 

2.77 

°,75 

2.63 

2.85 

2.67 

2.65 

2.7U 

2.7U 

1900 

2.66 

2.82 

2.79 

2.77 

2.67 

2.8U 

2.73 

2,67 

2.68 

2.7U 

2000 

2.67 

2.83 

2.83 

2.75 

2.67 

2.8U 

2.72 

2.65 

2.6U 

2.73 

2100 

2.68 

2.83 

2.85 

2.72 

2.68 

2.85 

2.70 

^.63 

- 

2.72 

2.58 

2.69 

2.65 

2.52 

2200 

2.67 

2.63 

2.79 

melted 

2.56 

2.57 

2.16 

2250 

2.58 

2.82 

2.77 

2300 

melted 

melted 

melted 

melted 

melted 

melted 

melted 

melted 

1500 

16.00 

21.28 

21.6U 

12. 6h 

2lwU6 

21. U7 

1600 

15.90 

9.11 

1U.10 

1.28 

2U.05 

9.U7 

.02 

1.08 

*05 

.00 

1700 

6.6 

0.0 

0.0 

0.0 

16.30 

0.0 

.00 

.00 

* 

o 

o 

.00 

1800 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

.00 

.00 

•  00 

no 

1900 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

.00 

.00 

.00 

.00 

2000 

0.0 

0.0 

0.0 

c.o 

0.0 

0.0 

.00 

.00 

- 

.00 

2100 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2200 

0.0 

0.0 

0,0 

- 

0.0 

0.0 

.00 

- 

- 

.00 

2250 

0.0 

0.0 

0.0 

0.0 

- 

0.0 

.00 

- 

- 

.00 
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Table  VII 


CRYSTALLITE  PHASES  PRESENT 


Co 

Cb-9 

Cordierite 

BaC* 

Unknown0 

Cb-98 

EaC 

Unknown 

Cb-910 

BaC 

Unknown 

Cb-96 

BaC 

Unknown 

C-A 

BaC 

Unknown 

C-B 

BaC 

Unknown 

C-C 

BaC 

Unk*  own 

C-D 

BaC 

Unknown 

C-E 

BaC 

Unknown 

C-F 

BaC 

Unknown 

C-8 

Cordierite 

(Posterity) 

C-13 

Cordierite 

(Mullite) 

a 

PaOMgOAlpO *Si05  phase  reported  by  H.  R.  Wisely,  "Phases 
m  the  Ternary  System  B^J*Mg0*Al?0^«SiC?,"  Fh.  D.  thesis, 
Rutgers,  1952. 

0 Peaks  at  22.0,  25.8,  28.0,  29.6,  36.9°.  Others  may  be 
masked  by  BaC. 

Minor  phase . 


softening  masks  the  crystallisation  peaks.  Crystallization  was  found  to  occur 
in  this  temperature  range  by  x-ray  analysis, 

iii.  X-Ray  Analysis 

All  glasses  were  heated  to  above  their  crystallization  temperatures,  2e'.$0°F, 
and  then  analyzed  for  crystalline  phases  present,  using  standard  x-ray  diffrac¬ 
tion  techniques.  The  phases  present  are  shown  in  Table  VII  above. 

As  can  be  seen  from  this  table,  all  tie  densifying  glasses  devitrify  into 
BaC  and  an  unknown  phase.  BaC  was  formed  and  investigated  by  Wisely  at  Rutgers 
in  1952. 


As  wa3  expected,  cordierite  is  th'*  only  phase  which  devitrifias  from  the  Co 
glass,  and  is  the  major  phase  in  the  C-13  and  C-6  types  of  glasses.  Prom  their 
positions  in  the  phase  diagram,  fosterite  and  mullite  would  be  expected  in  C-8 
and  C-13  respectively. 
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iv.  Thermal  Expansion 


The  thermal  expansio^  of  Go,  Cb-9,  Cb-98,  C'd910,  Cb-96,  C-A,  C-B,  C-C,  C-D, 
C-E  and  C-F  fired  to  2600°F  were  determined  utilizing  a  standard  interferometer 
method.  In  the  case  of  the  low  melting  glasses,  th8  material  was  placed  in  a 
platinum  foil  lined  alumina  crucible  and  melted  at  2600°F.  The  coefficients  of 
thermal  expansion  of  specimens  prepared  from  these  compositions  are  shewn  in 
Table  VIII  and  Fig.  18  shows  the  relationship  between  thennal  expansion  and  com¬ 
position. 


Table  VIII 


COEFFICIENTS  OF  LINEAR  THERMAL  EXPANSION 
OF  FLUXING  GLASSES 


Cb-9 

U.91 

Cb-96 

U.$k 

Cb-98 

5.1*2 

Cb-910 

U.56 

C-A 

!*.5U 

C-B 

5.U3 

C-C 

U.90 

C-D 

S.i*i* 

C-E 

U.31 

C-F 

5.33 

The  ten  glasses  in  the  AlpC  *SiP2 *MgO»CaO*BaO  system  were  found  to  possess 
tnermal  expansions  between  5»Ui  xlO~°  and  1*.31  x  10  .  From  Fig.  18  it  is  seen 
that  as  the  amount  of  RO  elements  is  decreased,  the  thermal  expansion  decreases, 

c„  Evaluation  of  Combinations  of  Glasses 


i.  Firing  Range 

Tai'e  IX  shows  density  and  moisture  absorption  vs.  firing  temperature  of  com¬ 
positions  with  10,  20  and  30*  additions  of  Cb-96,  Cb-98,  Cb-910,  C-A,  C-B,  C-C, 
C-D,  C-E  and  C-F  to  the  base  cordierite  glass  Co.  It  can  be  seen  that  as  the  per¬ 
centage  of  low  melting  glass  which  is  added  to  the  cordierite  glass  increases, 
the  firing  range  increases  ana  the  maturing  temperature  decreases.  With  a  30^ 
addition,  the  maturing  temperature  is  about  21*50  F  with  a  firing  range  from  21*25  F 
to  252$  F.  A  20^  addition  increa.  j  the  maturing  temperature  to  2575  F  with  a 
firing  from  2550°F  to  2600°F.  4nd  a  10*  addition  increases  the  maturing  temper¬ 
ature  to  2625  F  with  a  firing  range  from  2600°F  .  2650°F.  From  a  compositional 

standpoint,  all  ?Hd1 tions  appear  to  affect  the  density,  moisture  absorption  and 
firing  range  in  t?  same  r  anner. 

ii.  The~,tjd  Expansion 

The  coefficients  of  linear  thennal  expansions  were  determined  from  specimens 
fired  to  maximum  density  utilizing  an  interferometer.  The  expansion  values  of 
compositions  confining  cordierite  glass  with  10,  20  and  30%  additions  of  Cb-9f 
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80  SiC2 
10  AlA 
10  RO  J 


/  \ 


/ 


Al2°3 


(5.UU) 

D 


(U.5U) 

96 

(l*.9l)  (U.5U) 


(U.31) 


\  U6  SiO« 

X  1*1*  RO  1 
\  10  Al.,0, 


(5.U3)  (U.90)  (U.56) 

%  *  * 


(5.1*2) 


(5.33) 


1*6  S109 
10  RO  c  / 
W*  A1«0, 

*  V 


Pig.  18— Coefficients  of  Linear  Theraal  Expansion  of  Lem  Melting  Glasses 
Studied  in  the  Ro'AlgOySiOg  Svutea 
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The 


Cb-98,  Cb-96,  Cb-910,  C-A,  C~B,  C-C,  C-D,  C-E  and  C-F  are  shewn  in  Table  X. 

Table  X 


COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION  FOR 
COMPOSITE  BODIES  AT  10$,  20$  and  30*  FLUXING  GLASS 


Addition 


10$ 

20$ 

30$ 

Cb-9 

1.61* 

1,83 

2,07 

Cb-98 

1.65 

1,75 

1.91* 

Cb-96 

1  ,kh 

1.61 

1.77 

Cb-910 

1.59 

1.67 

1.83 

C-A 

1.55 

1,68 

1.73 

C-B 

1.37 

1.57 

1.8? 

C-C 

1.61* 

1.75 

1.81 

C-D 

1.59 

1.86 

2.11 

C-E 

1.53 

1.01* 

1.73 

C-F 

1.55 

1.73 

1.91 

*Times  10"6  in/in/°C 


expansions  are  plotted  in  a  RO'AlpO^SiOp  ternary  to  show  the  effect  of  composi¬ 
tion  on  thermal  expansion;  this  is  shown  in  Figs.  1$  through  21. 

As  can  be  seen  from  the  table,  all  compositions  have  quite  low  values  for 
coefficients  of^linear  thermal  expansion.  With  a  10$  addition,  the  values  range 
from  1.3?  x  10  for  the  C-B  addition  to  1.65  for  the  Cb-98  addition.  For  a  20$ 
addition  the  values  range  from  1,61  x  10"°  for  Cb-96  to. 1.86  x  10"°  for  C-D,  and 
for  the  30$  additions,  the  values  range  from  1.73  x  10“°  for  C-E  up  to  2.11  for 
C°D« 


From  a  compositional  standpoint,  the  30$  additions  of  glasses  with  the  high¬ 
est  expansions  (see  Table  VII  and  Fig,  1.8)  general!./  produce  the  composite  bodies 
with  the  highest  expansions.  With  a  20$  addition,  this  effect  is  still  true, 
with  the  exception  of  C-B,  but  the  difference  in  expansion  with  composition  is 
not  so  well  pronounced.  With  %  10$  addition,  the  expansion  of  the  cord ie rite 
predominates  and  all  the  expansions,  with  the  exception  of  C-B  and  Cb-96,  fall 
within  a  very  narro  range, 

iii.  X-Ray  Evaluation  of  Composite  Bodies 

An  x-ray  diffraction  analysis  of  the  composite  bodies  shows  the  presence  of 
cordierite  as  the  principal  crystalline  phase.  Very  minor  amounts  of  other  phases 
may  be  present,  but  they  are  not  in  sufficient  quantity  to  be  discernible  from 
the  background  in  the  10$  and  20$  bodies.  Very  minor  peaks  of  BaC  are  found  in 
the  30$  bodies. 
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«g-  20 — Coefficients  of  Linear  Thermal  Expansion  of  Composite  Bodies 
Studied  in  the  RO'A^Oy  SiO^  System— 20 %  Fluxing  Qlasses 
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F,  Summary 

This  aspect  of  the  research  program  dealt  with  the  development  of  ceramic 
bodies  which  mature  in  the  1800-2600  F  temperature  range.  The  fabrication  of 
these  bodies  has  utilised  the  devitrification  approach  of  the  prereacted  materials 
technique.  This  technique  lias  been  found  to  be  superior  to  conventional  fabrica¬ 
tion  from  both  physical  and  theoretical  aspects. 

The  current  research  program  dealt  with  the  development  of  cordierite  compo¬ 
sitions  exhibiting  low  thermal  expansions  and  extended  firing  ranges.  The  prob¬ 
lem  was  approached  from  tvro  aspects.  The  first  utilizes  a  raw  material  prepared 
by  fritting  the  total  composition;  this  is  referred  to  as  the  one-frit  approach. 

The  second  utilizes  two  frits,  one  of  the  theoretical  cordierite  composition  and 
the  other  of  a  low  melting,  densifying  glass  in  its  fabrication;  this  i3  referred 
to  as  the  two-frit  approach. 

In  the  study  of  the  one-frit  approach,  18  compositions  were  studied  with 
regard  to  maturing  properties  and  linear  thermal  expansion.  Of  these,  two  appeared 
promising,  C-8  and  C-13.  These  two  compositions  were  further  investigated  for 
more  complete  detail  with  regard  to  their  physical  progerties.  It  was  found  that 
these  bodies  possessed  expansions  as  low  as  1.69  x  10  in/in/C,  moderate  trans¬ 
verse  strength,  15,000  psi,  and  high  values  of  the  true  density.  They  were  fur¬ 
ther  analyzed  for  crystalline  phases  present,  microstructure,  and  electrical  prop¬ 
erties. 

In  the  study  of  the  two-frit  approach,  ten  glasses  were  investigated  as  pos¬ 
sible  additive  glasses  to  the  cordierite  glass.  These  glasses  were  evaluated  in¬ 
dividually  with  regard  to  maturing  range,  thermal  expansion,  crystalline  phases 
which  devitrify,  and  differential  thermal  analysis.  All  of  these  glasses  lie 
within  the  A1?0  *SiO  .Mg0*Ca0*Ba0  system.  Their  thermal  expansion  ranged  from 
U.31  to  5.Ui  X  1(j  ln/in/°C,  with  the  value  dependent  entirely  on  the  percentage 
of  RO  members  present  in  the  glass.  These  glasses  were  found  tg  attain  maturity 
as  low  as  1700°F  and  retain  high  density  and  maturation  to  2250  F.  Also,  these 
glasses  soften  and  devitrify  into  BaC  plus  an  unknown  phase  at  approximately  the 
same  temperature. 

The  densifying  glasses  were  then  added  to  a  cordierite  glass  in  amounts  of 
10,  20  and  30%,  These  bodies  were  evaluated  with  regard  to  linear  thermal  expan¬ 
sion,  firing  range,  and,x-ray  sralysis.  It  was  found  that  the  exp<~  ions  varied, 
from  1.37  to  1.65  x  10"°  in/in/  C  for  the  10%  additions,  from  1.57  to  1.86  x  10~ 
in/lry  C  for  the  20%  additions,  and  from  1.73  to  2,11  x  10  in/in/  C  for  the  30% 
additions.  The  firing  range  extended  for  5 0  F  with  the  1C$  additions,  100  F  for 
the  20^  additione,  and  150°F  for  the  30%  additions.  An  x-ray  analysis  produced 
cordierite  as  the  principal  crystalline  phase. 

The  results  from  both  aspects  of  the  study  are  quite  promising.  In  each 
case,  mature  bodies,  with  reasonable  firing  ranges,  were  developed. 
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